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Abbreviations 
ADMET absorption, distribution, metabolism, excretion, and toxicity 
AM azilsartan medoxomil 
ARB angiotensin receptor blocker 
AT1 receptor angiotensin II type 1 receptor 
BNPP bis-p-nitrophenylphosphate 
CC candesartan cilexetil 
CES1 carboxylesterase 1 
CES2 carboxylesterase 2 
CLperm permeability through the enterocyte membrane 
CLuint Gut unbound intestinal intrinsic clearance 
CMBL carboxymethylenebutenolidase homolog 
CYP cytochrome P450 
DFP diisopropyl fluorophosphate 
EDTA ethylene diamine tetraacetic acid 
Fg intestinal availability 
FPLC fast protein liquid chromatography 
fuGut fraction unbound in the enterocytes 
GAPDH glyceraldehyde-3-phosphate dehydrogenasea reference gene 
HDL high-density lipoprotein 
HEK human embryonic kidney 
HPLC high performance liquid chromatography 
Km kinetic constant 
LC-MS/MS liquid chromatography-tandem mass spectrometry 
LDL low-density lipoprotein 
LPDS lipoprotein deficient serum 
NCBI National Center for Biotechnology Information 
OM olmesartan medoxomil 
PCMB p-chloromercuribenzoic acid 
PMSF phenylmethylsulfonyl fluoride 
PON1 paraoxonase 1 
QGut hybrid parameter of blood flow and drug permeability 
Qvilli villous blood flow 
RT-PCR reverse transcriptase-polymerase chain reaction 
S substrate concentration 
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
SNP single nucleotide polymorphism 
UV ultraviolet 
v0 initial velocity 
VLDL very-low-density lipoprotein 
Vmax maximum velocity 
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General Introduction 
Prodrugs are chemicals with insignificant or no pharmacological activity, undergoing 
bioconversion to a therapeutically active metabolite [1].  In general, the rationale behind the use of 
prodrugs is to optimize the absorption, distribution, metabolism, excretion, and unwanted toxicity 
(so-called ADMET properties) of the active drugs [2], because they can cause considerable problems in 
subsequent drug development, if unfavorable.  Although prodrug design is challenging, it can often be 
used as a more feasible and faster strategy than searching for an entirely new therapeutically active agent 
with suitable ADMET properties.  In fact, Huttunen et al. [2] reported that approximately 10% of all 
globally marketed medicines can be classified as prodrugs and, in 2008 alone, 33% of all approved 
small-molecular-weight drugs were prodrugs.  Clas et al. [3] also reported that the average number of 
FDA-approved prodrugs comprises 10% of all launched products during the years 2010 to 2012 inclusive, 
and that a number of new prodrugs are currently in Phase III clinical trials. 
The most common approaches for prodrug design are aimed at prodrugs undergoing metabolic 
bioconversion to the active parent drug by hydrolases such as peptidases, phosphatases, and 
carboxylesterases.  In particular, an esterification strategy has been historically used to increase 
transcellular absorption of poorly permeable drugs administrated orally, because esterases, typically 
represented by carboxylesterases [4, 5], cholinesterases [6, 7] and paraoxonases [8], are widely distributed 
in the blood, liver, intestine and many other biological fluids and tissues.  For example, human 
carboxylesterase, which is listed as one of the most important enzymes involved in the bioconversion of 
various therapeutic prodrugs such as anti-tumor drugs and angiotensin-converting enzyme inhibitors, show 
ubiquitous tissue expression profiles with the highest levels in liver microsomes [4, 5, 9].  Human 
paraoxonase 1/arylesterase (PON1), reported to be a bioconversion enzyme of the antibacterial agent 
prulifloxacin [8, 10], is localized predominantly in plasma where it is associated with high-density 
lipoprotein (HDL) and the liver microsomal fraction [8, 11].  As a more recent example, the novel 
prodrug bioconversion enzyme valacyclovirase, which hydrolyzes the amino-acid ester prodrugs, 
valacyclovir and valganciclovir, was identified and characterized [12, 13].  To date, as shown in this case, 
molecular-based studies have revealed many valuable aspects of these enzymes, such as their protein 
structures and catalytic sites. 
Understanding which drug metabolizing enzyme is involved in the prodrug bioconversion is 
important when considering the conversion site after dosing, the interindividual variability in the prodrug 
conversion rate, the potential for in vivo drug-drug interactions, etc.  In the case of prodrugs, insufficient 
or excessive conversion of the prodrugs into their active forms may directly lead to a lack of therapeutic 
response or unexpected adverse effects.  In addition to physiological variables such as age, gender, and 
diseases, genetic polymorphism in the genes encoding the enzymes is one of the main factors contributing 
to the interindividual variability [14].  Furthermore, interspecies differences in tissue-specific esterase 
expressions at times cause challenges to extrapolate animal data to humans [14-17].  Studies show the 
importance of selecting appropriate animal species that most closely represent humans in drug 
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development processes, based on comprehensive understanding of the species differences [18, 19]. 
Olmesartan medoxomil (OM) is a widely prescribed angiotensin II type 1 (AT1) receptor 
antagonist (angiotensin receptor blocker [ARB]) that inhibits the actions of angiotensin II on the 
renin-angiotensin-aldosterone system, which plays a key role in the pathogenesis of hypertension.  
Extensive clinical evidence from several large well designed trials and the clinical practice setting has 
confirmed the antihypertensive efficacy and good tolerability profile of oral OM, as monotherapy or in 
combination with a thiazide diuretic and/or a calcium channel blocker [20-22], in patients with 
hypertension.  OM is an orally administered prodrug that is rapidly and completely metabolized to the 
pharmacologically active entity, olmesartan in the gastrointestinal mucosa, portal blood and liver before it 
comes into systemic circulation [20, 23].  In fact, several clinical trials showed that no components other 
than the active de-esterified metabolite olmesartan were detected in plasma following the oral 
administration of radiolabeled OM [24].  The absolute bioavailability of olmesartan was 26% after 
administration of a single 20 mg oral dose of OM in healthy male volunteers [25].  Following absorption, 
olmesartan is not further metabolized [24, 25], and primarily excreted into feces via the hepato-biliary 
route [24].  Taken together, the bioconversion of the prodrug into its pharmacologically active form is one 
of the most critical determinants of its pharmacokinetics, therefore understanding the bioconversion 
mechanism in humans is considered to be essential to effective and safe clinical use of OM. 
This thesis aims to comprehensively understand the OM bioconversion mechanism in humans.  
The author identified and characterized enzymes involved in the OM bioconversion in human liver, 
intestine and blood; especially focused on the liver and intestinal OM hydrolase which has not been paid 
attention to as a drug metabolizing enzyme thus far.  In Chapter 1, the author examined the enzyme 
characteristics of human OM hydrolases through several in vitro metabolism studies using biomaterials; 
human plasma and also liver and intestinal subcellular fractions.  The enzyme kinetics and chemical 
inhibition property indicated that the liver and intestinal enzymes are quite similar between these two, but 
different from the plasma enzyme.  Furthermore, from a model prediction, the major in vivo contributor to 
OM bioconversion was estimated to be the intestinal esterase rather than plasma esterase which showed 
much higher intrinsic metabolic clearance than the intestinal esterase in the in vitro study.  Interestingly, 
the liver and intestinal enzymes showed a unique sensitivity to typical esterase inhibitors which are 
distinguishable from other known prodrug converting esterases such as carboxylesterases, cholinesterases 
and paraoxonases.  This interesting finding has led the author to investigate the unknown hydrolase(s) 
responsible for the OM bioconversion in the liver and intestine. 
Chapter 2 focuses on the OM hydrolase in the liver and intestine and consists of three sections.  
In Section I, the author carried out the purification and identification of the OM hydrolase in the liver, 
which is considered to be identical to the intestinal enzyme, followed by the enzyme characterization of the 
identified protein.  Here, the identified protein was human carboxymethylenebutenolidase homolog 
(CMBL), whose biological and enzymatic functions remained unrevealed not only in humans but also in 
other higher eukaryotes.  In Section II, the interindividual variability of human CMBL was investigated 
using a large number of individual human liver and intestinal specimens.  Furthermore, to clarify the 
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CMBL’s contribution to OM bioconversion in human liver and intestine, correlation analyses between the 
protein level and OM-hydrolase activity were performed.  In Section III, the bioconversion property of 
OM was compared with those of the other marketed prodrug-type ARBs, candesartan cilexetil (CC) and 
azilsartan medoxomil (AM).  This section also provides new insights into interspecies differences in 
tissue-specific expressions and activities of the novel hydrolase CMBL between humans and other animal 
species. 
Chapter 3 discusses the other OM converting plasma esterase which showed extremely rapid in 
vitro metabolic clearance in Chapter 1.  The author purified the OM-hydrolase from human plasma and 
molecularly identified it as PON1.  Furthermore, this chapter compares the enzyme characteristics of 
PON1 with those of albumin, a reported plasma protein to hydrolyze OM [26], and estimated their 
contributions to the overall OM bioconversion in human blood circulation. 
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Chapter 1. In-Vitro Analysis of Bioactivation of OM                  
with Human Biomaterials 
1. Introduction 
OM, a prodrug-type ARB, is one of the exemplary cases of bioavailability improvement by 
derivatization into (5-methyl-2-oxo-1,3-dioxol-4-yl) methyl ester (medoxomil-ester) prodrug [20] as 
shown in Fig. 1-1. 
 
 
Figure 1-1. Bioconversion of OM.  Hydrolysis liberates its active metabolite olmesartan and generates a 
diketone.  Another possible product RNH-8097 was not detected in the in vitro reaction mixture. 
 
In this chapter, the author examines enzyme characteristics of human OM hydrolases through 
several in vitro metabolism studies using biomaterials; human plasma and also liver and intestinal 
subcellular fractions.  In-vitro analysis by utilizing human biomaterials has been widely implemented as 
an effective first approach to identify drug metabolizing enzymes involved in a certain reaction with the 
increased availability of various human biomaterials.  It may reveal a variety of information regarding 
shaping the suspected enzymes by referring known properties of typical drug metabolizing enzymes; the 
tissue specific distribution of the activity and sensitivity to the specific chemical inhibitors.  Furthermore, 
an enzyme kinetic analysis allows us to estimate the apparent affinity of the enzyme for the substrate and 
the capacity of the metabolic process, and also allows us to project human clearance from the in vitro 
intrinsic clearance data.  Therefore, following this strategy, enzyme kinetics and chemical inhibition 
properties of OM hydrolysis in the liver, intestine, and plasma were investigated.  Moreover, this chapter 
discusses the contribution of the intestinal OM hydrolase, which prodrug OM molecules first access after 
oral administration, by estimating the intestinal first-pass availability of OM using the QGut model [27] 
based on the intrinsic metabolic clearance calculated from the in vitro enzyme kinetic parameters of 
intestinal OM hydrolase. 
Olmesartan medoxomil
[ester prodrug]
Olmesartan
[active metabolite]
Hydrolysis
RNH-8097
(not detected)
Diacetyl
  8 
2. OM-Hydrolase Activity in Human Liver, Intestine, and Plasma 
The OM-hydrolase activities were investigated using various biomaterials.  In both human liver 
and intestine, the initial velocity was significantly higher in the cytosolic fractions compared to those of the 
respective microsomal fractions (Fig. 1-2), indicating abundant subcellular distribution of OM hydrolase in 
cytosol rather than microsomes.  In both human liver and intestinal cytosols, OM was hydrolyzed and 
converted to the active metabolite, olmesartan, in a simple Michaels-Menten kinetics manner with kinetic 
constant (Km) values of 160 and 193 µM and maximum velocity (Vmax) values of 19.7 and 45.1 
nmol/min/mg protein (Table 1-1), respectively. 
OM-hydrolase activity in diluted human plasma was extremely high and also exhibited simple 
Michaels-Menten kinetics with Km values of 6.71 µM (Table 1-1) as shown in Fig. 1-4.  The Vmax/Km 
value in human plasma (Table 1-1) was 10 to 20-fold higher than those in the liver and intestinal cytosols. 
 
 
Figure 1-2.  The OM-hydrolase activity in human liver and intestinal subcellular fractions.  
Prodrug OM was incubated with liver and intestinal cytosols and microsomes, and its active metabolite 
olmesartan was measured by high performance liquid chromatography (HPLC).  Data represent the 
means±standard deviations of triplicate determinations. 
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Figure 1-3.  Kinetic analysis of OM hydrolysis in human liver and intestinal subcellular fractions.  
Enzyme kinetics of OM hydrolysis in human liver (A) and intestinal (B) cytosols were investigated.  Data 
represent the means±standard deviations of triplicate determinations.  S, substrate concentration.  v0, 
initial velocity.  Solid lines, best fit to the Michaelis-Menten equation with nonlinear least-squares 
regression.  Insets, Eadie-Hofstee plots. 
 
 
 
Figure 1-4.  Kinetic analysis of OM hydrolysis in human plasma.  Enzyme kinetics of OM hydrolysis 
in diluted human plasma were investigated.  Data represent the means of duplicate determinations.  S, 
substrate concentration.  v0, initial velocity.  Solid lines, best fit to the Michaelis-Menten equation with 
nonlinear least-squares regression.  Insets, Eadie-Hofstee plots. 
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Table 1-1.  Kinetic parameters of OM hydrolysis in human liver and intestinal subcellular fractions 
and plasma 
 
Data were fitted to the single enzyme Michaelis-Menten model with nonlinear least-squares regression. 
 
3. Chemical Inhibition Property toward OM-Hydrolase Activity 
The activities in both liver and intestinal cytosolic fractions were partially inhibited by 1000 µM 
Bis-p-nitrophenylphosphate (BNPP), a carboxylesterase inhibitor and were strongly inhibited by 1000 µM 
p-chloromercuribenzoic acid (PCMB), a free thiol modifier, whereas they were not inhibited by the 
addition of the following esterase inhibitors: 1000 µM of diisopropyl fluorophosphate (DFP) and 
Phenylmethylsulfonyl fluoride (PMSF), irreversible serine hydrolase inhibitors; 1000 µM eserine, choline 
esterase inhibitor; 500 µM ethylene diamine tetraacetic acid (EDTA), divalent cation chelator inhibiting 
metallohydrolases (Fig. 1-5).  The chemical inhibition patterns observed in liver and intestinal cytosols 
were quite similar between these two tissues, however were different from that in human plasma, where 
the activity was almost completely inhibited by PCMB and EDTA. 
  
Enzyme source Replicate V max V max/K m
Liver cytosol 3 160.00 19.70 0.1230
Intestinal cytosol 3 193.00 45.10 0.2340
Liver microsomes 3 481.00 15.00 0.0312
Intestinal microsomes 3 236.00 6.76 0.0286
Diluted plasma 2 6.71 18.60 2.7700
µM nmol/min/mg protein ml/min/mg protein
K m
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Figure 1-5.  Inhibitory effect of known esterase inhibitors on OM-hydrolase activity in human 
plasma, liver and intestinal cytosols.  Prodrug OM was incubated with the human biomaterials with or 
without typical esterase inhibitors, and its active metabolite olmesartan was measured by HPLC.  Each 
inhibitor concentration was as follows: BNPP, DFP, PCMB, eserine and PMSF, 1000 µM; EDTA, 500 µM.  
Data represent the means of duplicate determinations. 
 
4. Calculation of Intestinal First-Pass Availability in Prodrug OM Form 
The intestinal first-pass availability in the prodrug form was estimated by a QGut-model with the 
equation (1), where Fg represents intestinal availability, CLuint Gut represents unbound intestinal intrinsic 
clearance, and fuGut represents the fraction unbound in the enterocytes [27].   
Fg = QGut / (QGut+ fuGut∙CLuint Gut) (1)               
The model retains the form of the “well-stirred” model but the flow term (QGut) is a hybrid of both 
permeability through the enterocyte membrane and villous blood flow.  As shown in Table 1-2, the 
estimated Fg was 1 to 8 percent with the fuGut values ranging 1 to 0.1, indicating the majority of the 
prodrug is converted to active olmesartan in the intestinal epithelial cells. 
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Table 1-2.  Estimation of the intestinal first-pass availability in the prodrug form by QGut-model 
 
QGut was simulated with the topological polar surface area of OM molecule 154, and the villous blood flow 
(Qvilli) of 18 l/h [27] by simCYP software (version 11, Simcyp, Sheffield, UK).  CLint vitro, the in vitro 
metabolic intrinsic clearance of OM in human intestinal cytosol calculated as Vmax/Km. fuvitro, 
experimentally determined unbound fraction of OM in the incubation mixture by ultrafiltration method.  
CLuint Gut, unbound intestinal intrinsic clearance, was calculated with published scaling factors; 18 mg 
protein/g intestine [28] and 1650 g intestine/man [29].  Fg, intestinal availability. 
 
5. Discussion 
According to the in vitro enzyme kinetic analysis results, it was shown that the OM hydrolase in 
human plasma showed much higher affinity with the lower Km value resulting in much higher intrinsic 
metabolic clearance than those in human liver and intestine.  Also, the chemical inhibition patterns 
observed in liver and intestinal cytosols were quite similar between these two tissues, however were 
different from that in human plasma.  These findings indicate that the major enzymes with OM-hydrolase 
activity in human liver and intestine would be an identical or a similar subtype of enzymes, but they could 
be clearly distinguished from the plasma OM hydrolase.  Interestingly, the observed inhibition pattern 
toward liver and intestinal hydrolysis was unique and different from any well-known hydrolases such as 
carboxylesterases which is inhibited by BNPP, DFP and PMSF, and cholinesterases which are inhibited by 
eserine.  Strongly inhibited plasma hydrolysis by PCMB and EDTA suggests that PON1, which is one of 
the major plasma hydrolases, is involved in the OM bioconversion in human plasma. 
OM is an orally administered prodrug.  After oral administration of the prodrug, the first pass 
bioconversion may occur in the intestine, followed by the portal blood and liver before it reaches the 
systemic circulation.  Based on the experimentally defined in vitro clearance for intestinal OM hydrolase 
and a permeability estimate of OM, the Fg value in the prodrug form was estimated to be several percent 
by QGut-model prediction [27].  Although in vitro intrinsic metabolic clearance was much higher in 
human plasma than that in human intestinal cytosol, in vivo contribution of the intestinal hydrolase to OM 
bioconversion is considered to be predominant compared to the plasma hydrolase.  On the other hand, 
plasma hydrolase which showed great rapid OM bioconversion may play a supplemental role to complete 
the bioconversion of prodrug molecules that escape from the metabolism by intestinal OM hydrolase.  
Given that OM hydrolysis greatly proceeds in human plasma with a half-life of less than several seconds 
[23], this OM hydrolysis in the portal blood is considered to be significantly important although the transit 
time through the portal blood is quite short.  Thus, the bioconversion of the prodrug OM by multiple 
CLint vitro fuvitro CLuint Gut QGut fuGut Fg
ml/min/mg protein ml/min/man l/h
0.234 0.953 7290 3.93 0.1 0.08
1 0.01
  13 
enzymes in multiple sites is considered to minimize the risk of significant interindividual variation due to 
the alteration of enzyme activity by concomitant drugs or genetic polymorphism in each hydrolase, which 
may cause a varied production of the pharmacologically active metabolite, followed by the achievement of 
rapid and complete prodrug bioconversion resulting in stable and effective drug action in humans [24]. 
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Chapter 2. OM Bioconversion via CMBL in Human Liver and Intestine 
Chapter 2 discusses the OM-bioactivating hydrolase in human liver and intestine, identified as 
CMBL.  This chapter consists of the following three sections:  Section I presents the purification and 
identification of the OM hydrolase in the liver, which is considered to be identical to the intestinal enzyme, 
followed by the enzyme characterization of the identified protein.  Section II focuses on the 
interindividual variability of human CMBL in the liver and intestine.  Section III compares the OM 
bioconversion property with those of the other marketed prodrug-type ARBs, CC and AM, and provides 
new insights into interspecies differences in tissue-specific expressions and activities of the novel 
hydrolase CMBL. 
I. Identification and Characterization of Novel Human Hydrolase CMBL 
1. Introduction 
In Chapter 1, in vitro metabolism studies demonstrated that the characteristics of liver and 
intestinal OM hydrolase are clearly different from those of the plasma enzyme, and that the major in vivo 
contributor to OM bioconversion is the intestinal esterase rather than plasma esterase.  The OM- 
bioactivating hydrolase in human liver and intestine also showed unique enzyme characteristics, being 
distinguishable from other well-known esterases. 
Section I presents the successful purification and identification of the OM-bioactivating hydrolase 
from human liver cytosol.  Here, the identified protein, human CMBL, is a novel esterase which has not 
received much attention in contrast to the well-characterized prodrug converting esterases such as 
carboxylesterases, cholinesterases and paraoxonases.  This section also discusses the enzyme 
characteristics of the uninvestigated human hydrolase CMBL, namely its enzyme kinetics, substrate 
specificity, chemical inhibition properties, tissue distribution of its gene products and predicted catalytic 
triad. 
2. Purification and Identification of OM Hydrolase in Human Liver Cytosol 
The OM hydrolase was purified from human liver cytosol through successive three-step column 
chromatography, and then separated with sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE).  Although multiple bands with different molecular masses were observed on the gel, bands 
of 30 kDa correlated well with the OM-hydrolase activity as shown in Fig. 2-1.  The protein of this 30 
kDa band was identified as human CMBL (carboxymethylenebutenolidase homolog/carboxymethylene- 
butenolidase-like protein, GenBank Accession Number NP_620164.1) by mass spectrometry. The 
identified peptide sequences are shown in Fig. 2-2.  The predicted molecular weight of CMBL deduced 
from its amino acid sequence (245 amino acids) was 28 kDa.  A Basic Local Alignment Search Tool 
(BLAST) search against GenBank databases revealed that human, mouse and rat CMBL genes consist of 
five exons and are mapped onto 5p15.2, 15B2 and 2q22, respectively.  Mouse and rat CMBL proteins 
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share 82% and 84% homology with human protein, respectively (Fig. 2-2).  A Pfam search [30] revealed 
that the CMBL proteins have only one potential functional domain of the dienelactone hydrolase (DLH) 
family (Pfam: PF01738), which is a member of the α/β hydrolase-fold family [31], with a high score 
(E-value: 2.8×10
-21
, 3.8×10
-26
 and 4.9×10
-26
 for human, mouse and rat CMBL, respectively), supporting 
the conclusion that we had purified CMBL from human liver cytosol as the protein with the OM-hydrolase 
activity.  Notably, CMBL was the only protein having the DLH domain in the human genome found in a 
Pfam search.  A BLAST search demonstrated no human proteins sharing more than 30% homology with 
full-length human CMBL or DLH domain sequences (data not shown).  
 
 
Figure 2-1.  Identification of bands corresponding to OM-hydrolase activity.  A protein with 
OM-hydrolase activity was purified from human liver cytosol through successive column chromatography.  
A, Fractions of the last purification step were subjected to SDS-PAGE and the gel was stained with a 
fluorescent dye (SYPRO Ruby, Bio-Rad).  Arrowheads indicate 30-kDa bands correlating with 
OM-hydrolase activity.  B, The OM-hydrolase activity in the fractions determined by HPLC and the 
intensities of the bands shown as arrows in A are indicated by the solid line and bars, respectively. 
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Figure 2-2.  Amino acid sequences of CMBL.  The human, rat and mouse CMBL (GenBank accession 
number: NP_620164.1, NP_001008770.1 and NP_853619.1, respectively) are aligned.  Asterisks and dots 
respectively indicate identical and homologous residues between the three sequences.  Shadowed 
indicates the identified sequences by liquid chromatography-tandem mass spectrometry (LC-MS/MS) 
analysis of the purified protein from human liver cytosol.  Arrowheads and bold letters indicate the 
putative catalytic triad of human CMBL, Cys
132
, Asp
179
 and His
212
, predicted based on the crystal structure 
of dienelactone hydrolase from Pseudomonas sp. B13 [32] (PDB code: 1DIN, gi: 1827808) as a template 
with the aid of ModBase [33].  Underlined letters indicate the Dienlactone hydrolase family domain 
(pfam01738). 
 
3. Mutant Generation and Identification of the Active Residue of CMBL 
The wild-type construct of human CMBL with 6×His-tag expressed in the E. coli system was used 
as the template for generating mutants.  Two mutant proteins with each amino acid substitution (C132A 
or C132S) on the putative active site Cys
132
, as predicted with the aid of ModBase [33], were obtained (see 
Fig. 2-2 and Discussion).  All the overexpressed proteins were purified using the affinity tag and the tag 
was cleaved from the proteins by thrombin treatment.  SDS-PAGE analysis indicated the high levels of 
purity and complete tag cleavage (Data not shown).  
In the results from the OM-hydrolase activity measurement at a low substrate concentration (10 
µM), C132A was catalytically disabled and retained approximately 3% of the wild-type activity, as shown 
in Fig. 2-3A.  In contrast, C132S displayed a measurable but considerably low activity, approximately 
30% that of the wild-type.  Furthermore, as shown in Fig. 2-3B, the activities in both mutants were 
almost completely abolished at higher substrate concentrations (up to 1000 µM), but not in the wild-type 
Human 1: MANEAYPCPCDIGHRLEYGGLGREVQVEHIKAYVTKSPVDAGKAVIVIQDIFGWQLPNTR 
Mouse 1: MANEANPCPCDIGHKLEYGGMGHEVQVEHIKAYVTRSPVDAGKAVIVVQDIFGWQLPNTR 
Rat 1: MANEANPCPCDIGHRLDYGGMGQEVQVEHIKAYVTRSPVDAGKAVIVVQDIFGWQLSNTR 
  *****.********.*.***.* ************.***********.********.*** 
 
Human 61: YIADMISGNGYTTIVPDFFVGQEPWDPSGDWSIFPEWLKTRNAQKIDREISAILKYLKQQ 
Mouse 61: YMADMIARNGYTTIVPDFFVGQEPWDPAGDWSTFPAWLKSRNARKVNREVDAVLRYLRQQ 
Rat 61: YMADMIAGNGYTTIVPDFFVGQEPWDPAGDWSTFPEWLKSRNARKINREVDAVLRYLKQQ 
  *.****..*******************.****.**.***.***.*..**..*.*.**.** 
 
Human 121: CHAQKIGIVGFCWGGTAVHHLMMKYSEFRAGVSVYGIVKDSEDIYNLKNPTLFIFAENDV 
Mouse 121: CHAQKIGIVGFCWGGVVVHQVMTAYPDIRAGVSVYGIIRDSEDVYNLKNPTLFIFAENDT 
Rat 121: CHAQKIGIVGFCWGGIVVHHVMTTYPEVRAGVSVYGIIRDSEDVYNLKNPTLFIFAENDA 
  *************** .**..*. *.. *********..****.***************  
 
Human 181: VIPLKDVSLLTQKLKEHCKVEYQIKTFSGQTHGFVHRKREDCSPADKPYIDEARRNLIEW 
Mouse 181: VIPLEQVSTLTQKLKEHCIVNYQVKTFSGQTHGFVHRKREDCSPADKPYIEEARRNLIEW 
Rat 181: VIPLEQVSILIQKLKEHCIVNYQVKTFSGQTHGFVHRKREDCSPADKPYIEEARRNLIEW 
  ****..** *.*******.*.**.**************************.********* 
 
Human 241: LNKYM                                                          
Mouse 241: LNKYV                                                          
Rat 241: LNKYI                                                          
  ****   
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construct (Km=116 µM).  These data indicate that the OM-hydrolase activity of CMBL exists in the 
Cys
132
 residue. 
 
   
Figure 2-3.  Identification of the Active Residue of CMBL.  OM-hydrolase activity of recombinant 
CMBL proteins overexpressed in the E.coli system, the wild-type and two mutant constructs with each of 
an amino acid substitution (C132A or C132S) on the putative active site, Cys
132
.  The active metabolite 
formation was determined by LC-MS/MS.  Panels A and B show the activities at 10 µM of the substrate 
concentration and the kinetic analysis, respectively.  Data represent the means±standard deviations of 
triplicate determinations.  Solid lines in panel C, best fit to the Michaelis-Menten equation with nonlinear 
least-squares regression. 
 
4. Expression of Human CMBL in Mammalian Cell Line and Enzyme Characterization 
To compare the enzyme characteristics between a recombinant protein and the native protein in 
human tissue preparations, the expression vector for human CMBL was transfected into Freestyle 293-F 
cells, a mammalian cell line derived from human embryonic kidney (HEK)-293 cells which is supposed to 
express proteins with post-translational modifications more closely than bacterial expression systems, and 
the OM-hydrolase activity by the recombinant protein was measured.  Significant OM-hydrolase activity 
was observed in the cell lysate of the human CMBL-transfectant, compared with that of vector-transfectant 
(Fig. 2-4A).  This result convinced us that our purified protein from human liver cytosol was CMBL, 
which could work as an OM-bioconversion enzyme.  
In the kinetic analysis of OM-hydrolase activity by the recombinant CMBL, OM was hydrolyzed 
and converted to the pharmacologically active olmesartan in a simple Michaelis-Menten kinetics manner 
(Fig. 2-4B).  The Km value in the recombinant CMBL was 170 µM, and it was quite consistent with those 
in the liver and intestinal cytosols.  The microsomal fractions, where typical drug metabolizing enzymes 
such as cytochrome P450 (CYP) members and carboxylesterases are expressed, showed a metabolic 
intrinsic clearance (Vmax/Km) considerably lower than those of the recombinant human CMBL and the liver 
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and intestinal cytosols.  This result indicates the microsomal hydrolases as less important than the 
cytosolic hydrolases in the bioconversion of OM. 
We also investigated the effects of chemical inhibitors on the OM-hydrolase activity by the 
recombinant CMBL, and compared them with those in human liver and intestinal cytosols.  The human 
CMBL activity was almost completely inhibited by 1000 µM PCMB, and was partially inhibited by 1000 
µM BNPP by ca. 50% (Fig. 2-4C).  The complete inhibition by the free thiol modifier PCMB indicates 
that human CMBL would be a member of cysteine hydrolases.  In contrast, no inhibition was observed by 
the addition of 1000 µM DFP, PMSF, eserine and 5000 µM EDTA.  This inhibition pattern in the 
recombinant CMBL is quite consistent with those in human liver and intestinal cytosols (Fig. 1-5), where 
only PCMB and BNPP had a meaningful inhibitory effect on the OM-hydrolase activity. 
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Figure 2-4.  OM-hydrolase activity of recombinant CMBL overexpressed in mammalian cell line.  
A, OM-hydrolase activity of recombinant CMBL and vector transfectant with 50 µM of OM as a substrate.  
The cell lysate supernatant was used as an enzyme source for the in vitro metabolic reactions.  The active 
metabolite formation was determined by HPLC.  B, Kinetic analysis of OM hydrolysis by recombinant 
CMBL.  S, substrate concentration.  v0, initial velocity.  Solid lines, best fit to the Michaelis-Menten 
equation with nonlinear least-squares regression.  Insets, Eadie-Hofstee plots.  C, Inhibitory effect of 
known esterase inhibitors on OM-hydrolase activity of recombinant CMBL.  Data represent the 
means±standard deviations of triplicate determinations. 
 
5. Enzyme Kinetics of Prodrug Bioconversion by Recombinant Human CMBL 
In addition to OM, recombinant human CMBL expressed in mammalian cells also catalyzed the 
hydrolysis of other known medoxomil-ester prodrugs: the β-lactam antibiotic faropenem medoxomil and 
lenampicillin.  These prodrugs with a medoxomil ester pro-moiety were substantially hydrolyzed by the 
recombinant CMBL, and exhibited simple Michaelis-Menten kinetics (Fig. 2-5).  The human CMBL 
0
1
2
3
4
5
CMBL vector
FLAG-tagged
protein
0
20
40
60
80
100
120
1 100 10000
Inhibitor concentration (µM)
BNPP
DFP
PCMB
eserine
PMSF
EDTA
R
e
s
id
u
a
l 
a
c
ti
v
it
y
  
(%
 o
f 
c
o
n
tr
o
l)
BA
v
0
(n
m
o
l/
m
in
/m
g
 p
ro
te
in
) 
0
5
10
15
20
0 500 1000
0
5
10
15
20
0 0.1 0.2
v
0
v0/S
v
0
(n
m
o
l/
m
in
/m
g
 p
ro
te
in
)
Substrate (µM)
C
  20 
exhibited higher affinity for lenampicillin than that for OM (Km=63.4 versus. 170 µM, respectively), 
whereas it had lower affinity for faropenem medoxomil (Km=283 µM).  The intrinsic metabolic clearance 
calculated as the Vmax /Km for the hydrolysis of the two hydrophilic β-lactam antibiotics were relatively low 
(0.0580 and 0.0631 ml/min/mg protein, respectively) compared to that of OM (0.145 ml/min/mg protein) 
with moderate lipophilicity.  Interestingly, prulifloxacin (Fig. 2-5C), in which the medoxomil moiety is 
linked directly to the nitrogen atom in the piperazinyl group of its active metabolite ulifloxacin, was not 
enzymatically hydrolyzed by the recombinant human CMBL. 
 
 
 
Figure 2-5. Kinetic analysis of medoxomil-prodrug hydrolysis by recombinant CMBL overexpressed 
in mammalian cell line.  Enzyme kinetics of faropenem medoxomil and lenampicillin are shown in 
panels A and B, respectively.  The respective active metabolites, faropenem and ampicillin, were 
determined by HPLC and LC-MS/MS, respectively.  Data points represent the means±standard deviations 
of triplicate determinations.  S, substrate concentration.  v0, initial velocity.  Solid lines, best fit to the 
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Michaelis-Menten equation with nonlinear least-squares regression.  Insets, Eadie-Hofstee plots.  C, 
Chemical structure of prulifloxacin. 
 
6. Gene Transcript and Protein Expression of Human CMBL 
The tissue distribution of mRNA encoding CMBL was examined with real-time reverse 
transcriptase-polymerase chain reaction (RT-PCR).  Human CMBL mRNA was widely distributed in all 
the 20 human tissues tested, and the highest level of expression was observed in the liver, which is the 
most important site for xenobiotic metabolism, followed by the kidney, small intestine and colon (Fig. 
2-6). 
Western blot analysis demonstrated that CMBL protein is definitely expressed in human liver and 
intestine (Fig. 2-7), as indicated by the expression of the transcript.  The protein expression was localized 
in cytosolic fractions rather than in microsomal fractions in these two tissues, being consistent with the 
higher subcellular distribution of the OM-hydrolase activity in the cytosolic fraction than in the 
microsomal fraction in both the liver and intestine (Fig. 1-2).  In contrast, CMBL was not stained in the 
human plasma, indicating that CMBL clearly differs from the plasma OM-hydrolase. 
 
 
 
Figure 2-6.  Expression of CMBL gene transcript in human tissues.  The relative expression of 
mRNA from multiple human tissues was measured by real-time RT-PCR using 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference gene and normalized to the placenta 
expression.  
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Figure 2-7.  Protein expression of native CMBL proteins in human tissues.  Protein expression of 
native CMBL in human liver, intestine and plasma was analyzed by Western blot.  The SDS-PAGE- 
separated proteins were transferred electrophoretically onto a polyvinylidene difluoride membrane, and 
stained by polyclonal anti-CMBL antibody.  Ten nanogram of FLAG-tag purified recombinant CMBL 
and 400 ng each of CMBL-transfected cell lysate, human liver and intestinal cytosolic and microsomal 
fractions, and human plasma were applied.  Open and closed arrowheads, the recombinant CMBL-FLAG 
fusion protein- and the native CMBL-bands, respectively. 
 
7. Discussion 
This section presented the purification and identification of the OM hydrolase in human liver and 
intestine, followed by the enzyme characterization of the identified protein.  Furthermore, it was shown 
that CMBL catalyzed the hydrolysis of the other two medoxomil-type prodrugs, faropenem medoxomil 
[34] and lenampicillin [35], whose bioconversion enzyme has not been revealed so far.  Successive 
column purification, protein separation by SDS-PAGE, and protein identification by mass spectrometry 
allowed us to successfully identify CMBL from human liver cytosol.  Surprisingly, CMBL is a protein 
whose biological and enzymatic functions have remained unrevealed not only in humans but also in other 
higher eukaryotes.  Notably, human CMBL exhibited a unique sensitivity to esterase inhibitors and 
ubiquitous tissue expression, which are distinguishable from other known prodrug conversion esterases 
such as carboxylesterases, cholinesterases and paraoxonases.  A protein database search showed that 
various eukaryotic homologs of CMBL have been found.  Highly conserved amino acid sequences with 
more than 80% homologies among several mammals including mice and rats were observed, reflecting the 
functional importance of these proteins. 
CMBL was first identified in Pseudomonas sp.B13 [36] with its gene encoded on a plasmid.  
This bacterial enzyme, also called dienelactone hydrolase, has been well investigated as the third enzyme 
of the halocatechol degradation pathway in a complex set of catabolic reactions used by bacteria for the 
utilization of aromatic compounds, and catalyzes the hydrolysis of both (E) and (Z) dienelactone 
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(4-carboxymethylene-but-2-ene-4-olide) to maleyl acetate (2-oxo-but-1,3-diene- 1,4-dicarboxylate) [37].  
This bacterial CMBL is a 25.5 kDa monomer that belongs to the α/β-hydrolase fold class of enzymes [38] 
which is shared by several enzymes which apparently diverged from a common ancestor with various 
different catalytic functions.  It was reported that the bacterial CMBL has a catalytic triad consisting of a 
nucleophilic cysteine (Cys
123
), a histidine (His
202
) and an aspartic acid (Asp
171
) [32, 39-41], like all the 
α/β-hydrolase fold class enzymes, which contain a conserved nucleophile (serine/cysteine)-histidine-acid 
catalytic triad.  Thus, we chose the characterized crystal structure of dienelactone hydrolase from 
Pseudomonas sp. B13 [32] (PDB code: 1DIN, gi: 1827808) as a template to predict a catalytic triad in 
human CMBL with the aid of ModBase [33].  As a result of this prediction, a putative catalytic triad of 
human CMBL composed of Cys
132
-Asp
179
-His
212
 (Fig. 2-2) was indicated.  As shown in Fig. 2-4C, the 
OM-hydrolase activity was completely abolished by the free thiol modifier PCMB, as was the dienelactone 
hydrolase activity in the bacterial CMBL [36], suggesting that human CMBL is a member of cysteine 
hydrolases with an active cysteine residue, most probably Cys
132
, in the active center.  In fact, 
site-directed mutants expressed in the E. coli system with an amino acid substitution on the putative active 
residue Cys
132
 into alanine or serine catalyzed the OM hydrolysis with drastically reduced rates (Fig. 2-3) 
compared to the wild type.  These results confirmed that the Cys
132
 residue is catalytically quite important 
in the human CMBL, as similarly demonstrated for the active residue Cys
123
 in the bacterial CMBL [42].  
The Km value for OM in the recombinant CMBL produced in mammalian cells well agreed with 
those in human liver and intestinal cytosols (Table 1-1), suggesting a predominant contribution of this 
enzyme to the OM hydrolysis in these tissues.  Importantly, Western blot analysis (Fig. 2-7) clearly 
showed that CMBL protein certainly exists in human liver and intestine.  However, since CMBL is a 
novel hydrolase which has not been well investigated, experimental tools to show dominant contribution of 
CMBL to OM bioconversion in the liver and intestine, namely a specific chemical inhibitor, a neutralizing 
antibody, or immunodepletion was not available. 
Using the recombinant human CMBL preparations, we examined the hydrolysis of the other 
medoxomil prodrugs, faropenem medoxomil, lenampicillin and prulifloxacin into their respective active 
metabolites, and found that the prodrugs with medoxomil moiety being linked to the oxygen atom 
(faropenem medoxomil and lenampicillin) are readily hydrolyzed by CMBL (Fig. 2-5), while prulifloxacin 
where the medoxomil moiety being linked to the nitrogen atom was not hydrolyzed at all.  PON1 has 
been shown to hydrolyze prulifloxacin and OM [10, 24], indicating that the substrate recognition between 
CMBL and PON1 partially overlap.  Additionally, it was demonstrated that the recombinant CMBL does 
not hydrolyze typical esterase substrates, namely p-nitrophenyl acetate, phenyl acetate, and 
acetylthiocholine iodide, as substrates of carboxylesterases, PON1, and cholinesterases, respectively.  
Although only limited information on the substrate specificity of CMBL is available at present, CMBL 
quite likely prefers cyclic esters as a substrate over non-cyclic esters.  In fact, bacterial CMBL has been 
reported to hydrolyze simple esters and amides such as p-nitrophenyl acetate and trans-cinnamoyl 
imidazole with a low catalytic activity [42] while it hydrolyzed cyclic esters with quite high activity. 
In summary, the OM-bioconversion enzyme was purified from human liver and identified to be 
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CMBL.  This work presented that CMBL is involved in the metabolism of xenobiotics in humans for the 
first time. 
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II. Interindividual Variability of CMBL in Human Liver and Intestine 
1. Introduction 
Interindividual variability in the activity of drug metabolizing enzymes may determine the 
pharmacokinetics of the drug entities, and also affect their therapeutic efficacy and safety when drug 
responses are closely related to drug exposure.  Section II therefore discusses the interindividual 
variability of a newly identified OM-bioconversion hydrolase, CMBL.  A large number of individual 
human tissue samples (40 liver and 30 intestinal specimens) were obtained from Caucasian patients, and 
then total mRNA and cytosolic fraction were prepared from each individual liver and intestine to 
quantitatively determine mRNA and protein expressions, and enzymatic activity of human CMBL.  
Furthermore, to clarify the CMBL’s contribution to OM bioconversion in human liver and intestine, 
correlation analyses were carried out between the protein level and OM-hydrolase activity using those 
individual sample sets.  The effect of two non-synonymous single nucleotide polymorphisms (SNPs) of 
human CMBL on OM-hydrolase activity was also investigated using site-directed mutants. 
2. Correlation Analysis of CMBL mRNA, Protein and Activity in the Intestine 
The intestinal sample set contained all intestinal segments from duodenum to sigmoid colon.  
Around 11-fold difference in the CMBL mRNA levels were observed among all the tested 20 individual 
samples as shown in Fig. 2-8.  Although the CMBL protein and OM-hydrolase activity were detected in 
all the tested 30 individual samples, both of these showed greater variability, ~16-fold, than the mRNA 
levels.  Correlations between the CMBL mRNA and protein expressions (n=20), and between the protein 
expression and OM-hydrolase activity (n=30) in human intestine are shown in Fig. 2-8.  A weak positive 
correlation was observed between the mRNA and protein expression levels (r=0.669).  Remarkably, 
OM-hydrolase activity strongly correlated with the CMBL protein expression resulting in a correlation 
coefficient of 0.958. 
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Figure 2-8.  Correlation analysis of CMBL mRNA, protein and activity in human intestine.  
Correlations between the CMBL mRNA and protein expressions (A, n=20) and between the protein 
expression and OM-hydrolase activity (B, n=30) are shown.  The CMBL mRNA level was determined by 
quantitative real-time RT-PCR and normalized to those of GAPDH mRNA in single determinations.  The 
CMBL protein expression level was measured by semi quantitative Western blot analysis in single 
determinations.  The OM-hydrolase activity was determined as an olmesartan formation rate measured by 
LC-MS/MS, and data represent the means of duplicate determinations. 
 
3. Distribution of OM-Hydrolase Activity in Intestinal Segments 
We analyzed the distribution of the CMBL protein expression and OM-hydrolase activity in 
different intestinal segments, namely duodenum (n=11), jejunum (n=2), ileum (n=3), ascending colon 
(n=5), transverse colon (n=3), descending colon (n=2), and sigmoid colon (n=4) using 30 individual 
intestinal cytosolic fractions.  The OM-hydrolase activity was highly distributed in the proximal region of 
the intestine, and less distributed in the distal region and so was the CMBL protein level (Fig. 2-9).  The 
mean value of the activity in each intestinal region was duodenum > jejunum > ileum > colon (ascending 
colon to sigmoid colon).  The OM-hydrolase activities among 13 individual duodenal and jejunal 
specimens, showing abundant activities, were relatively consistent and came within the range from 0.814 
to 1.97 nmol/min/mg protein, whereas the lowest value of a transverse colon specimen was 0.126 
nmol/min/mg protein.  The activities in the 13 individual duodenum and jejunal specimens were also well 
correlated with the CMBL protein expression levels at a correlation coefficient of 0.968 (data not shown). 
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Figure 2-9.  Distribution of the CMBL protein expression and the OM-hydrolase activity in human 
intestinal segments.  Thirty individual intestinal cytosolic fractions were prepared from seven different 
intestinal segments (duodenum; n=11, jejunum; n=2, ileum; n=3, ascending colon; n=5, transverse colon; 
n=3, descending colon; n=2, sigmoid colon; n=4).  The CMBL protein expression level (A) was measured 
by semi quantitative Western blot analysis in single determinations.  The OM-hydrolase activity (B) was 
determined as an olmesartan formation rate measured by LC-MS/MS, and data represent the means of 
duplicate determinations.  Closed circles and gray bars represent the individual and average values of 
each intestinal segment, respectively. 
 
4. Correlation Analysis of CMBL mRNA, Protein and Activity in the Liver 
Forty liver specimens (14 females and 26 males; median age 63 years, range 16 - 95 years) were 
collected for the analysis.  The CMBL mRNA was detected in all 34 liver samples tested except only one 
individual.  The interindividual variation in mRNA levels in the liver samples was much greater (136-fold 
difference) than that in intestinal samples (11-fold difference).  In contrast to the great variation in the 
mRNA expression levels, the interindividual variation in the protein levels in the liver cytosolic fractions 
was only 4.1-fold.  Correlation analysis (n=34) in Fig. 2-10A showed that CMBL protein levels followed 
a saturation curve against the mRNA levels.  All 40 individual samples showed substantial OM-hydrolase 
activity, and a 6.8-fold difference in the activity was observed.  The OM-hydrolase activity showed a 
weak positive correlation with the CMBL protein expression (Fig. 2-10B, n=40, R=0.619).  Low 
OM-hydrolase activities in two individual samples compared to the others were attributed to their low 
mRNA and protein expression levels of CMBL. 
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Figure 2-10.  Correlation analysis of CMBL mRNA, protein and activity in human liver.  
Correlations between the CMBL mRNA and protein expressions (A, n=34) and between the protein 
expression and OM-hydrolase activity (B, n=40) are shown.  The CMBL mRNA level was determined by 
quantitative real-time RT-PCR and normalized to those of GAPDH mRNA in single determinations.  The 
CMBL protein expression level was measured by semi quantitative Western blot analysis in single 
determinations.  The OM-hydrolase activity was determined as an olmesartan formation rate measured by 
LC-MS/MS, and data represent the means of duplicate determinations. 
 
5. Sex Differences in OM-Hydrolase Activity in Human Liver and Intestine 
The sex differences in the CMBL protein expression and OM-hydrolase activity in human liver 
(26 males and 14 females) and intestinal cytosolic fractions (8 males and 5 females) were analyzed.  For 
analysis of intestinal samples, the data of the duodenum and jejunum in which OM-hydrolase activity was 
highly distributed were employed.  In both the liver and intestine, no statistically significant sex 
differences in the protein level and activity were observed (Fig. 2-11).  P-values in the analysis of liver 
and intestinal samples were 0.24 and 0.21 in the protein level and 0.07 and 0.27 in the activity, 
respectively. 
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Figure 2-11.  Sex differences in the CMBL protein expression and OM-hydrolase activity in human 
liver and intestine.  Data were analyzed for 40 liver samples (male; n=26, female; n=14) and 13 
intestinal samples (duodenum and jejumum, male; n=8, female; n=5) and represent the means±standard 
deviations.  The CMBL protein expression level (A) was measured by semi quantitative Western blot 
analysis in single determination.  The OM-hydrolase activity (B) was determined in duplicate as an 
olmesartan formation rate measured by LC-MS/MS. 
 
6. Genotyping of CMBL Gene Mutations 
The effects of genetic variations of CMBL were investigated by genotyping eight SNPs chosen 
from the National Center for Biotechnology Information (NCBI) dbSNP database (build 130; 
http://www.ncbi.nlm.gov/SNP) in Table 2-1 using DNA extracts from liver specimens of 40 individual 
Caucasians. 
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Table 2-1.  Genotyped SNPs in the human CMBL gene
 
Polymorphisms were genotyped using the TaqMan SNP genotyping assays above (Applied Biosystems, 
Foster City, CA, USA) on the ABI Prism 7900HT Fast Real-Time PCR system (Applied Biosystems) 
according to the manufacturer’s instructions. UTR; untranslated region. *No update until the latest release 
(build 137). 
 
As a result, no mutations of the two non-synonymous SNPs rs35489000 and rs34487157 were 
detected among the 40 individuals, which is consistent with the minor allele frequencies in the Caucasian 
population reported in dbSNP.  Besides this, variants were detected for the other six SNPs listed above 
with well-matched minor allele frequencies.  However, no relationship was found between the CMBL 
mRNA/protein/activity and the genetic variations. 
7. Mutant Generation of CMBL and OM-Hydrolase Activity 
In order to evaluate the effects of the two non-synonymous CMBL SNPs stated above 
(rs35489000 and rs34487157 in Table 2-1) on OM-hydrolase activity, mutant proteins of human CMBL, 
Y155C and A150T, respectively, were created by site-directed mutagenesis.  The recombinant proteins 
were purified using their affinity tag, and the tag was cleaved from the proteins by thrombin treatment.  
SDS-PAGE analysis indicated the high levels of purity and complete tag cleavage, and gel filtration 
analysis demonstrated that both mutants behaved in the same manner as the wildtype protein (data not 
shown).   
Both of the mutant proteins showed substantial OM-hydrolase activities.  In the kinetic analysis, 
OM was hydrolyzed and converted to pharmacologically active olmesartan by the mutant proteins as well 
as the wildtype protein in a simple Michaelis-Menten kinetics manner (Fig. 2-12).  As summarized in 
Table 2-2, the mutant Y155C showed slightly higher Km and lower Vmax, and A150T showed slightly 
higher Vmax.  The intrinsic metabolic clearance calculated as the Vmax/Km for the hydrolysis by the mutant 
Y155C was approximately half of that by the wildtype (13.1 and 29.5 ml/min/mg protein, respectively), 
whereas the mutant A150T showed an almost consistent value (35.4 ml/min/mg protein) as the wildtype. 
  
dbSNP rs#
(build 130)
Gene
structure
Allele
Amino acid
substitution
Minor allele frequency
(HapMap-CEU)
Allele
count
rs35489000 exon4 A/G C155Y G=0 170
rs34487157 exon4 A/G A150T A=0 170
rs10067744 exon5 A/G I157I A=0.305 226
rs1287736 3'UTR A/T - A=0.108 120
rs1287735 3'UTR A/G - A=0.168 220
rs3995688 3'UTR G/T - G=0.277 112
rs6876709 intron C/G - C=0.314 226
rs10072686 5' near gene A/G - G=0.305 226
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Figure 2-12.  Enzyme kinetics for OM-hydrolase activities by wildtype and mutant proteins of 
human CMBL.  Enzyme kinetics of the wildtype protein of human CMBL and the site-directed single 
mutants each with an amino acid substitution (Y155C or A150T) led by the non-synonymous SNPs 
(rs35489000 and rs34487157, respectively) were investigated.  The initial velocity (OM-hydrolase 
activity) was determined in triplicate as an olmesartan formation rate by each recombinant CMBL protein, 
which was measured by LC-MS/MS.  Panels A and B show the direct plot and the Eadie-Hofstee plot, 
respectively.  Data represent the means±standard deviations (A) and means (B) of triplicate 
determinations.  S, substrate concentration.  v0, initial velocity.  Solid lines, best fit to the Michaelis- 
Menten equation with nonlinear least-squares regression. 
 
 
Table 2-2.  Kinetic parameters for OM-hydrolase activities by wildtype and mutant proteins of 
human CMBL 
 
Data generated in triplicate determinations were fitted to the single enzyme Michaelis-Menten model with 
nonlinear least-squares regression. 
 
8. Discussion 
As a further characterization of the newly identified OM-hydrolase enzyme CMBL, the 
interindividual variability of mRNA and protein expression of CMBL and OM-hydrolase activity were 
investigated using 40 individual human liver and 30 intestinal specimens.  
The clear positive correlation between OM-hydrolase activity and CMBL protein expression 
among 30 individual human intestinal cytosolic fractions demonstrated that CMBL is a major contributor 
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to the OM bioconversion in the in vitro preparations.  Section I demonstrated that the recombinant CMBL 
produced in mammalian cells exhibited OM-hydrolase activity with the Km value which well agreed with 
those in human liver and intestinal cytosols, and that the chemical inhibition pattern in the recombinant 
CMBL was quite consistent with those in human liver and intestinal cytosols, suggesting a substantial 
contribution of the enzyme to the OM hydrolysis in these in vitro preparations.  However, the contribution 
of CMBL was yet to be presented since specific chemical inhibitors or neutralizing antibodies against this 
novel enzyme are not available.  In this section, the correlation analysis using a large number of human 
individual specimens revealed that CMBL must be the key enzyme responsible for OM bioconversion in 
human intestinal cytosol by showing a significant correlation between CMBL protein and the target activity.  
The intestine is considered to be the first site of exposure of orally administered prodrug OM to be 
converted to its active moiety olmesartan.  According to the computer-simulated intestinal first-pass 
availability of the prodrug OM (Chapter 1), the majority of the prodrug is converted to active olmesartan in 
the intestinal epithelial cells.  In fact, active olmesartan is reported to be the only species in human blood 
circulation [24].  Taken together, it is convincing that the intestinal CMBL is the key enzyme in the 
bioactivation of prodrug OM. 
The distribution of OM-hydrolase activity, correspondingly with CMBL protein expression, was 
not uniform along the length of the intestine.  The activity was significantly higher in the proximal region 
(duodenum > jejunum > ileum) than in the distal region (colon) with some extent of variation within each 
region.  Likewise, the distribution of most CYP enzymes representing the most important class in phase-I 
drug metabolism is not uniform along the length of the small intestine and is generally higher in the 
proximal regions of the small intestine [43, 44].  As for other known hydrolases, there is a relative paucity 
of knowledge of enzyme distribution in human enterocytes despite the potential for intestinal hydrolases to 
play major roles in oral prodrug bioconversion in the drug absorption process.  However, Imai and Ohura 
recently reported that intestinal mRNA expression of carboxylesterases belonging to the carboxylesterase 2 
(CES2) gene family (hCE2) and their activities are nearly constant along the jejunum and ileum [45], while 
Schwer reported higher mRNA expression of hCE2 in the jejunum than the ileum [46].  In the present 
study, the CMBL protein and OM-hydrolase activity were considerably varied both with approximately 
16-fold interindividual differences in the sample set from the duodenum to colon.  However, by focusing 
on the data of 11 duodenum and 2 jejunum specimens which exhibited abundant CMBL distribution, the 
activity and protein content did not vary largely with only 3.0- and 2.4-fold differences, respectively.  The 
computer simulation method used in Chapter 1 estimated the Fg value of the prodrug OM to be only 20% 
even with the lowest activity (0.814 ng/min/mg protein) among 13 cytosolic fractions of the duodenum and 
jejunum in the present in-vitro study.  Notably, a clear positive correlation (R=0.968) was observed 
between OM-hydrolase activity and the CMBL protein expression level among the 13 samples, as well as 
all 30 samples from the duodenum to colon.  In addition, our in situ closed gastrointestinal loop 
experiment in rats presented high regional absorption rates of radiolabeled OM from the duodenal and 
jejunal loops compared to those of the ileum and stomach (data not shown), suggesting efficient 
bioconversion of OM due to the agreement of the primary sites of OM absorption and bioconversion in the 
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intestine.  
From the analysis using a sample set of 40 individual human liver specimens, the variability seen 
in CMBL mRNA expression levels was much higher than those observed for the protein level and activity 
(136-, 4.1- and 6.8-fold difference, respectively).  Looking at carboxylesterases, Hosokawa et al. [47] 
reported more than 8-fold interindividual difference in human carboxylesterase 1 (CES1) protein levels 
among 12 human liver microsomal preparations and Xu et al. [48] reported a 3-fold difference for human 
CES2 among 13 human liver microsomal preparations.  In addition, in both human CES1 and CES2, 
age-dependent mRNA expression (adult > child > fetus) in the liver was reported [49], therefore further 
research is needed for CMBL as well to demonstrate developmental expression.  In the correlation 
analysis among the liver samples, OM-hydrolase activity exhibited a poor correlation with CMBL protein 
content in contrast to the analysis for the intestine.  One possible reason for the poor correlation in liver 
cytosols may be a significant contribution of different enzymes including another OM-hydrolase PON1 
(Chapter 3), which is localized in the liver microsomal fraction [50, 51] as well as in plasma.  Possible 
contribution of the CMBL protein to OM hydrolysis might be obscured by the contamination of PON1 or 
other enzymes having OM-hydrolase activity from the liver microsomal fraction to cytosolic fraction 
during their separation process.  CES1 might also affect it since the recombinant protein showed some 
OM-hydrolase activity (Chapter 2, Section III). 
Moreover, the effects of two non-synonymous SNPs rs35489000 and rs34487157, which result in 
the two single amino acid substitutions of Y155C and A150T, respectively, were investigated.  With the 
aid of the ModBase program (see Chapter 2, Section I), the prediction of a three-dimensional structure of 
CMBL protein showed that 155Tyr was located near the active center of the protein and could interact with 
its ligands.  In accordance with the prediction, the mutant Y155C by the site-directed mutagenesis led a 
certain decrease of the OM-hydrolase activity while the mutant A150T did not.  However, given the high 
metabolic clearance of intestinal CMBL estimated using human intestinal cytosol, it is unlikely that the 
mutation Y155C, which may decrease CMBL activity, leads to a substantial in vivo decrease of the 
first-pass conversion rate of the prodrug OM into its active metabolite in human intestine.  Also, plasma 
esterase shown in Chapter 1, as well as hepatic CMBL, is considered to play a supplemental role to 
complete the in vivo prodrug bioconversion.  These multiple bioconversion enzymes in multiple sites 
allow us to disregard the genetic polymorphism in each bioconversion enzyme which may cause a varied 
production of the pharmacologically active metabolite. 
In the present study, no statistically significant sex-related differences were observed in the liver 
and intestinal CMBL protein levels and OM-hydrolase activities.  In the previous population 
pharmacokinetic analysis of olmesartan following oral administration of its prodrug OM in healthy 
volunteers and hypertensive patients [52], being female was reported to be one of the effective covariates 
on a lower apparent oral clearance.  However, the observed change was slight and not considerable 
enough (13.5% lower in women than men) to adjust the dosage. 
In summary, the correlation analysis using a number of individual human specimens clearly 
showed that CMBL is the key enzyme for OM bioconversion in the intestine, where the prodrug OM is 
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practically and predominantly converted into its active metabolite olmesartan after oral administration.  
The interindividual variations in the OM-hydrolase activity and CMBL protein in the duodenum and 
jejunum, where the activity and protein were highly distributed, were relatively low with only 3.0- and 
2.4-fold differences, respectively.  In the liver, the variations in the activity and protein were 4.1- and 
6.8-fold differences, respectively. 
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III. Comparative Analysis of Bioconversion Properties of Prodrug-Type ARBs 
1. Introduction 
ARBs that directly inhibit the binding of angiotensin II to angiotensin II type 1 receptor provide an 
effective pharmacologic strategy in the management of hypertension, cardiovascular disease, and renal 
disease [53].  Among eight market-available ARBs, CC, OM, and AM are ester-based prodrugs which 
require hydrolysis to be converted into their respective active metabolites.  As shown in Fig. 2-13, the 
prodrug moieties of OM and AM are identical, where the medoxomil moiety links to the carboxylic acid of 
the drug via an ester bond [24, 54], while the CC is a cyclohexyloxycarbonyloxy ethyl ester of the 
carboxylic acid of candesartan [55].  The responsible enzyme for OM bioconversion was determined to 
be CMBL in Section I, however, those for CC and AM have not been clearly identified thus far. 
 
 
 
Figure 2-13.  Bioconversion of the prodrug-type ARBs, CC and AM.  Hydrolytic reactions of 
candesartan cilexetil (CC, A) and azilsartan medoxomil (AM, B) are shown. 
 
Section III investigates the difference in the bioconversion properties of the prodrug-type ARBs by 
comparing CC- and AM-hydrolase activities with that of OM using human and animal tissue subcellular 
fractions and recombinant proteins of candidate human hydrolases.  This work also provides new insights 
into interspecies differences in tissue-specific expressions and activities of the novel hydrolase CMBL 
between humans and other animal species.  Interspecies differences in tissue-specific esterase expressions 
at times cause challenges in extrapolating animal data to humans.  For instance, many examples have 
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shown higher hydrolase activity in rodent species than humans, while there is minimal hydrolase activity 
in dog small intestines [14, 56].  These observations suggest the importance of selecting appropriate 
animal species that most closely represent humans in drug development processes based on comprehensive 
understanding of the species differences. 
2. Prodrug Hydrolysis in Tissue Subcellular Fractions 
The OM-hydrolase activities with mouse, rat, monkey, dog, and human tissue cytosolic and 
microsomal fractions are shown in Fig. 2-14.  The activity was generally higher in cytosols than in 
respective microsomes.  Liver, intestine, and kidney cytosols exhibited substantial OM-hydrolase 
activities in all the species tested except for the dog intestinal cytosol, whereas lung cytosols showed 
relatively low activities.  In rats, liver and kidney microsomes showed comparable activities to those of 
respective cytosols.  In AM hydrolysis, similar patterns of the species- and tissue-specific activity to OM 
hydrolysis were observed in both cytosols and microsomes (Fig. 2-15). 
 
 
 
Figure 2-14.  OM-hydrolase activities with animal and human tissue subcellular fractions.  Prodrug 
OM was incubated with animal and human tissue cytosolic (A) and microsomal (B) fractions, and formed 
active metabolite olmesartan was measured by LC-MS/MS.  Data represent the means of duplicate 
determinations. 
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Figure 2-15.  AM-hydrolase activities with animal and human tissue subcellular fractions.  Prodrug 
AM was incubated with animal and human tissue cytosolic (A) and microsomal (B) fractions, and formed 
active metabolite azilsartan was measured by LC-MS/MS.  Data represent the means of duplicate 
determinations. 
 
In contrast to OM hydrolysis, CC-hydrolase activity was generally higher in microsomes than in 
respective cytosols as shown in Fig. 2-16.  In all the species tested, liver microsomes exhibited the 
highest CC-hydrolase activity among various tissue subcellular fractions.  The CC hydrolysis was mostly 
liver specific in humans, whereas significant activities were observed in the kidney and lung along with the 
liver in the other species.  Minimal activity of CC hydrolysis was observed in the intestine in all the 
species tested. 
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Figure 2-16.  CC-hydrolase activities with animal and human tissue subcellular fractions.  Prodrug 
CC was incubated with animal and human tissue cytosolic (A) and microsomal (B) fractions, and formed 
active metabolite candesartan was measured by LC-MS/MS.  Data represent the means of duplicate 
determinations. 
 
Using the above activity data, the CC-hydrolase and AM-hydrolase activities were plotted against 
the OM-hydrolase activity.  Twenty data points for each cytosolic and microsomal fractions prepared 
from 4 different tissues (liver, intestinal, kidney, and lung) of 5 species (mouse, rat, monkey, dog, and 
human) were used.  As shown in Fig. 2-17, no correlation was observed between the CC- and 
OM-hydrolase activities in both cytosolic and microsomal fractions, whereas the AM-hydrolase activities 
were well correlated with the OM-hydrolase activities in both cytosolic and microsomal fractions. 
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Figure 2-17.  Correlation analysis of hydrolase activities for prodrug-type ARBs with animal and 
human tissue subcellular fractions.  CC-hydrolase (A and B) and AM-hydrolase (C and D) activities are 
plotted against OM-hydrolase activity.  Twenty data points for each cytosolic (A and C) and microsomal 
(B and D) fractions prepared from 4 different tissues (liver, intestinal, kidney, and lung) of 5 species 
(mouse, rat, monkey, dog, and human) were used.  The prodrugs were incubated with animal and human 
tissue cytosolic and microsomal fractions and their respectively formed active metabolites were measured 
by LC-MS/MS.  Data represent the means of duplicate determinations. 
 
3. Hydrolysis by Recombinant Human CES1 and CES2 
Human CES1 and CES2 proteins were overexpressed in mammalian cells and conditioned media 
from the overexpressing cells were used as enzyme sources in the following in vitro metabolic experiments.  
The recombinant CES1 and CES2 in each conditioned medium showed comparable hydrolytic activity 
toward p-nitrophenyl acetate, a general esterase substrate, and specifically catalyzed the clopidogrel 
hydrolysis forming clopidogrel carboxylic acid, a CES1 specific reaction, and the CPT-11 hydrolysis 
forming SN-38, a CES2 specific reaction, respectively (data not shown). 
As shown in Fig. 2-18, CC was rapidly de-esterified with the recombinant CES1 and produced its 
active metabolite candesartan at a rate of 514 pmol/min/reaction, whereas the reaction was hardly 
catalyzed with the recombinant CES2 (24.2 pmol/min/reaction).  Both activities were completely 
0
5
10
15
20
25
0 5 10
C
C
-h
y
d
ro
la
s
e
 a
c
ti
v
it
y
 
(n
m
o
l/
m
in
/m
g
 p
ro
te
in
)
OM-hydrolase activity
(nmol/min/mg protein)
A
0
20
40
60
80
100
0 1 2 3
C
C
-h
y
d
ro
la
s
e
 a
c
ti
v
it
y
 
(n
m
o
l/
m
in
/m
g
 p
ro
te
in
)
OM-hydrolase activity
(nmol/min/mg protein)
B R=0.194R=0.412
0
5
10
15
20
0 5 10
A
M
-h
y
d
ro
la
s
e
 a
c
ti
v
it
y
 
(n
m
o
l/
m
in
/m
g
 p
ro
te
in
)
OM-hydrolase activity
(nmol/min/mg protein)
C
0
1
2
3
0 1 2 3
A
M
-h
y
d
ro
la
s
e
 a
c
ti
v
it
y
 
(n
m
o
l/
m
in
/m
g
 p
ro
te
in
)
OM-hydrolase activity
(nmol/min/mg protein)
D R=0.832R=0.929
  40 
abolished by the addition of 1 mM BNPP, a carboxylesterase inhibitor.  Although the recombinant CES1 
showed slight OM- and AM-hydrolase activities being higher than that of the mock control, the activities 
were much lower than that for CC hydrolysis.  The OM- and AM-hydrolase activities by the recombinant 
CES2 were comparable with the mock control regardless with or without BNPP, suggesting that only 
non-enzymatic hydrolysis was slightly observed. 
 
 
         
Figure 2-18.  Hydrolysis of prodrug-type ARBs by recombinant human CES1 and CES2.  Prodrugs 
OM, CC, and AM were incubated with 5% (v/v) conditioned media from human CES1- or 
CES2-overexpressed cell culture as an enzyme source under the conditions with or without 1 mM BNPP, 
and formed active metabolites, olmesartan, candesartan, and azilsartan, were respectively measured by 
LC-MS/MS.  Data represent the means±standard deviations of triplicate determinations. 
 
4. Hydrolysis by Recombinant Human CMBL 
AM, which is another medoxomil-ester prodrug-type ARB, was substantially hydrolyzed by the 
recombinant human CMBL as well as OM (Fig. 2-19A), and exhibited simple Michaelis-Menten kinetics 
(Fig. 2-19B) with Km and Vmax values of 14.8+/-1.3 µM and 5.40+/-0.16 nmol/min/mg protein (the 
mean+/-standard error of triplicate determinations).  CC was not hydrolyzed by the recombinant CMBL 
(Fig. 2-19A). 
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Figure 2-19.  Hydrolysis of prodrug-type ARBs by recombinant human CMBL.  A: OM-, CC-, and 
AM-hydrolase activities by recombinant human CMBL.  B: Kinetic analysis of AM hydrolysis.  The 
prodrugs were incubated with recombinant CMBL-overexpressed cell lysate as an enzyme source, and 
respective prodrug hydrolase activities (v0) were determined as active metabolite formation rates measured 
by LC-MS/MS.  Data represent the means±standard deviations of triplicate determinations  S, substrate 
concentration.  v0, initial velocity.  Solid lines, best fit to the Michaelis-Menten equation with nonlinear 
least-squares regression.  Insets, Eadie-Hofstee plots. 
 
5. Western Blot Analysis of CMBL and CES1 Expression 
Human and animal CMBL and CES1 proteins in tissue subcellular fractions and diluted plasma 
were immunostained with polyclonal anti-human CMBL and anti-human CES1 antibodies as shown in Fig. 
2-20.  In the human liver, intestine, and kidney cytosols, the anti-human CMBL antibody intensely 
stained a single band at approximately 25 kDa, which was almost consistent with the theoretical mass 28 
kDa, whereas it was weakly stained in human lung cytosol.  Compared to the cytosols, the weaker CMBL 
expression was observed in the respective microsomes.  Regarding the other animal species as well, liver, 
intestine, and kidney cytosols demonstrated strongly stained bands with approximately 25 kDa molecular 
mass except for the dog intestinal cytosol, whereas lung cytosols showed weak protein bands.  The band 
intensity was generally lower in microsomes than in respective cytosols in the animal species as seen in 
humans.  Collectively, these data indicate that the anti-human CMBL antibody recognized the CMBL 
orthologs in the animal species tested.  No significant protein was detected in plasma samples of all the 
species tested including humans. 
The anti-human CES1 antibody used in the present study, purchased from Abcam (Cambridge, 
MA, USA), was reported to be CES1 specific without cross-reactivity with CES2 proteins by probing 
against cynomolgus monkey, dog, and human CES1 and CES2 enzymes [57].  As previously reported [56, 
57], CES1 proteins were highly expressed in the liver in the three species, and were significantly expressed 
in monkey intestines and kidneys, dog kidneys, lungs, and plasma, and human lungs as a single band with 
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a molecular mass approximately at 60 kDa.  Regarding mouse and rat samples, single or multiple bands 
were detected in all the tissues and plasma. 
 
  
 
Figure 2-20.  Western blot analysis of CMBL and CES1 expressions in animals and humans.  The 
following tissue subcellular fractions (liver, intestine, kidney, and lung cytosol and microsomes) and 
diluted plasma were subjected to Western blot analysis: Mouse, rat, and dog samples; 2 μg protein for each 
subcellular fraction and 10 μl of 100-fold diluted plasma, monkey and human samples; 0.5 μg protein for 
each subcellular fraction and 5 μl of 200-fold diluted plasma.  As positive controls, 0.5 μg of human 
CMBL-overexpressed mammalian Freestyle 293-F cell lysate, and 10 ng of purified recombinant protein 
of human CES1 were also analyzed.  The proteins were separated by SDS-PAGE, transferred 
electrophoretically onto a polyvinylidene difluoride membrane, and stained by polyclonal anti-human 
CMBL and anti-human CES1 antibodies.  The signal intensities of the protein bands in the subcellular 
fractions at mobility with closed triangles were semi-quantified.  White bars and open triangles represent 
molecular mass marker proteins. 
 
The relative protein band intensities of CMBL in Western blot analysis mostly corresponded with 
the distribution of OM- and AM-hydrolase activities, and those of CES1 mostly corresponded with the 
distribution of CC-hydrolase activities in the eight different tissue subcellular fractions tested.  The 
analysis plots for OM- and CC-hydrolase activities toward CMBL and CES1 protein expressions in 
humans were presented in Fig. 2-21 as exemplary cases.  As shown in Table 2-3, the correlation 
coefficients between CMBL protein expression levels and OM- or AM-hydrolase activities were over 0.8 
with one exception, where that between rat CMBL protein and OM-hydrolase activity was 0.477.  The 
correlation coefficients between CES1 protein expression levels and CC-hydrolase activities were also 
over 0.8 without exception. 
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Figure 2-21.  Correlation between protein expression levels of hydrolases and prodrug-hydrolase 
activities in humans.  Data of eight different human tissue subcellular fractions (liver, intestine, kidney, 
and lung cytosolic and microsomal fractions) were employed to show the correlations between the protein 
expressions and activities.  The protein levels were semi-quantified as signal intensities of the 
immunoreactive bands at the mobility with closed triangles in Fig. 2-20.  A, CMBL vs. OM-hydrolase 
activity; B, CMBL vs. CC-hydrolase activity; C, CES1 vs. OM-hydrolase activity; D, CES1 vs. 
CC-hydrolase activity. 
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Table 2-3.  Correlation coefficients between protein expression levels of hydrolases and 
prodrug-hydrolase activities 
 
Data of protein expressions and activities of eight different subcellular fractions (liver, intestine, kidney, 
and lung cytosolic and microsomal fractions) were employed for each species.  The protein levels were 
semi-quantified as signal intensities of the immunoreactive bands at the mobility with closed triangles in 
Fig. 2-20. 
 
6. Discussion 
This section comparatively demonstrated the difference between the bioconversion properties of 
prodrugs OM, CC, and AM, which belong to the same class of antihypertensive, ARB.  In the previous 
sections (Chapter 2, Section I and II), it was shown that the bioconversion of OM predominantly proceeds 
via intestinal CMBL in humans and that hepatic CMBL is additionally involved.  On the contrary, present 
in vitro studies demonstrated that the contribution of intestinal enzymes to the CC bioconversion is 
relatively small and that hepatic CES1 is mainly involved.  Although the responsible hydrolases and 
bioconversion sites were presented to be different between OM and CC, they were both reported to be 
rapidly and completely converted to their active metabolites through the first pass metabolism before they 
reached the systemic circulation and showed an increase of bioavailability as respective active metabolites 
[24, 58], meaning that these prodrugs are both good exemplary cases of absorbability improvement by 
esterification of the carboxylic acid group. 
This section also presented for the first time species- and tissue-specific OM hydrolysis catalyzed 
via CMBL, which has been identified as an OM-bioconversion hydrolases in Section I and has still not 
received much attention, using various tissue subcellular fractions of animals and humans.  The kidney 
and lung were selected in addition to the liver and intestine, which were demonstrated in the previous 
sections (Section I and II) in humans as bioconversion organs for the prodrug OM.  Human kidney 
cytosol showed significant OM hydrolase activity which is comparable to those of liver and intestinal 
cytosol, whereas lung cytosol showed meaningfully lower activity.  This tissue distribution pattern of the 
activity, namely high in the liver, intestine, and kidney and low in the lung, is consistent with the CMBL 
Protein Species
CMBL Mouse 0.986 -0.236 0.864
Rat 0.477 -0.221 0.942
Monkey 0.988 0.012 0.990
Dog 0.995 -0.019 0.998
Human 0.842 -0.200 0.913
CES1 Mouse -0.221 0.970 0.171
Rat 0.443 0.827 0.021
Monkey -0.002 0.985 0.010
Dog 0.048 0.979 0.005
Human -0.167 0.959 -0.097
OM-hydrolase activity CC-hydrolase activity AM-hydrolase activity
Correlation coefficient
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protein expression pattern demonstrated by Western blotting in Fig. 2-20 and also with the mRNA 
expression pattern in Fig. 2-6 in Section I.  The predominant expression of CMBL in the liver, intestine, 
and kidney implies that CMBL has primarily functioned in detoxification of xenobiotic compounds 
through the evolutional process of the widely distributed protein CMBL from bacteria to humans.  
Bacterial CMBL, also called dienelactone hydrolase, has been reported as a catabolic enzyme enabling to 
utilize chloroaromatic compounds [36, 37], which are generally toxic to organisms. 
Mice, rats, and monkeys, which are all commonly used experimental animal species, exhibited 
similar tissue distribution patterns to humans in the OM-hydrolase activity and CMBL protein expression.  
Based on the results, these animal species would provide dependable information to predict human 
bioconversion of ester compounds hydrolyzed by CMBL in the preclinical drug discovery and 
development settings.  Although relatively high activities in the monkey liver and kidney cytosols, and 
low activity in rat intestinal cytosol appeared compared to those in humans, the in vitro study results would 
be helpful when considering the quantitative difference of prodrug bioconversion between species.  As a 
notable exception of the tissue distribution of CMBL, in the dog intestine slight OM-hydrolase activity or 
negligible CMBL protein expression was observed while intestinal cytosols in humans and the other 
animal species exhibited significant activities and clear protein expressions.  The absence of dog 
intestinal CMBL was observed despite highly conserved amino acid sequences with 87% homology 
between humans and dogs (GenBank Accession Numbers: NP_620164.1 and XP_535793.1, respectively).  
This is a common feature of well investigated esterases such as CES, paraoxonases, and cholinesterases 
[57], and shows interesting functional and evolutional implications.  Low capacity to detoxify esters in 
the dog intestine potentially suggests the minor importance of the ability in carnivores, which would have 
infrequent exposure to toxic substances in plants. 
Moreover, this work also demonstrated that CMBL is a bioconversion enzyme for recently 
launched prodrug-type ARB, AM, whose prodrug moiety is identical to that of OM.  Kawaguchi et al. 
[54] recently reported a likely estimation that enzymes involved in the hydrolysis of AM would be the 
same as OM by considering the identical chemical structures of the prodrug moiety between the two ARBs 
and in vitro metabolism study results using liver and intestinal S9 fractions and plasma.  As shown in the 
results of our in vitro study using recombinant human CMBL, obvious AM-hydrolase activity clearly 
demonstrated the involvement of CMBL in the reaction.  Furthermore, the clear positive correlation 
between OM- and AM-hydrolase activities suggests the significant contribution of CMBL, not only in 
humans but also other tested animal species, to the hepatic and intestinal AM bioconversion.  Only 
limited information on the substrate specificity of CMBL is available at present: it specifically catalyzes 
the ring-opening reaction of cyclic esters such as faropenem medoxomil and lenampicillin as shown in 
Section I as well as OM and AM.  What seems to be lacking as a further interest, is to define the 
endogenous substrates and to elucidate the physiological functions of CMBL proteins. 
This section also presented that human CES1 rather than CES2 catalyzed the bioconversion of CC 
using recombinant proteins.  It has often been reported that CC is converted to candesartan by 
carboxylesterases via intestinal and hepatic first-pass metabolism [59, 60], however, which isozymes of 
  46 
CES1 or CES2 are a major contributor remained unknown until now.  Although Laizure et al. [61] 
supposed that CC is a CES2 substrate because of the CC’s large alcohol group of the prodrug moiety which 
CES2 prefers as substrates, as shown in Fig. 2-18, the recombinant CES2 exhibited only low CC-hydrolase 
activity in contrast to rapid hydrolysis by the recombinant CES1.  Moreover, the intestinal subcellular 
fractions showed minimal CC-hydrolase activity in all the species tested including humans, indicating 
negligible involvement of CES2 which have been reported to be expressed in the intestine in mice, rats, 
monkeys, and humans [56, 62].  On the contrary to CC hydrolysis, the recombinant human CES1 showed 
slight OM- and AM-hydrolase activities, suggesting that human CES1 may partially catalyze OM- and 
AM-hydrolysis in the liver.  However, higher activities were observed in the cytosolic fraction of the liver 
rather than the microsomal fraction in which human CES1 is mostly distributed (Fig. 2-14 for OM 
hydrolysis).  This fact indicates that the CES1 contribution in the liver to OM and AM hydrolysis is 
limited.  CES2 showed only mock-control level OM- and AM-hydrolase activities.  Three prodrug-type 
ARBs, namely OM, CC, and AM, similarly require hydrolytic bioconversion to exert their antihypertensive 
effect, however, needless to say, the responsible hydrolases depend on their chemical structures of prodrug 
moiety; OM and AM are substrates for CMBL while CC is a substrate for CES1. 
In summary, this section comparatively demonstrated the difference in the bioconversion 
properties of prodrug-type ARBs; OM is bioactivated mainly via intestinal and additionally hepatic CMBL, 
therefore the newly identified CMBL substrate AM is likely to be similarly bioactivated to OM, while CC 
is via hepatic CES1 rather than intestinal enzymes.  This section also presented species differences in 
hydrolytic activity and protein expression of the uninvestigated hydrolase CMBL in four major organs, 
namely the liver, intestine, kidney, and lung, by comparison between humans and other animal species. 
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Chapter 3. OM Bioconversion via PON1 in Human Plasma 
1. Introduction 
Chapter 3 discusses OM bioconversion in human plasma.  Several esterases in human plasma 
have been investigated as a key enzyme responsible for prodrug bioactivation [4, 15, 63, 64]: PON1, 
cholinesterase, and albumin.  For example, human PON1, which is localized predominantly in plasma 
and associated with HDL, was reported to be a major bioactivating enzyme of the antibacterial agent 
prulifloxacin [10].  In Chapter 1, the plasma OM hydrolase displayed much higher catalytic activity than 
the liver and intestinal enzymes, and exhibited PON1 like chemical inhibition properties.  Studies have 
suggested that multiple enzymes are capable of OM bioactivation in human plasma: arylesterase [24] and 
albumin [26], however, responsible enzymes for the hydrolytic reaction have not been molecularly 
identified.  In Chapter 3, the plasma OM hydrolase was purified from human plasma through successive 
column chromatography and was molecularly identified by N-Terminal amino acid sequencing as PON1, 
identical protein to arylesterase [65].  Also, the involvement of PON1 in OM hydrolysis was directly 
demonstrated using its recombinant proteins.  Furthermore, we compared the enzyme characteristics of 
PON1 with those of albumin, another reported plasma protein to hydrolyze OM, and estimated the 
contribution of these two plasma esterases to the overall OM bioactivation in human blood circulation. 
2. Species Differences in Plasma OM Hydrolase 
In plasma fractions from six different species including humans, OM was substantially hydrolyzed 
and converted into the active metabolite olmesartan.  The OM-hydrolase activities in human and animal 
plasma are shown comparatively in Fig. 3-1.  Rabbit plasma demonstrated the highest activity, followed 
by the dog and human plasma.  The hydrolysis in rat plasma was much slower than that in human plasma. 
 
 
 
Figure 3-1.  Cross-species difference in the activity of OM hydrolysis in human and animal plasma.  
The OM-hydrolase activity was determined as an olmesartan formation rate measured by HPLC.  Data 
represent the results of single determination of pooled plasma of three individuals. 
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3. Purification of OM Hydrolase from Human Plasma 
The OM hydrolase was purified from human plasma through successive column chromatography.  
As shown in Table 3-1, the purification resulted in a 386-fold increase in specific activity of OM 
hydrolysis, in accordance with those of phenyl acetate hydrolase and paraoxon hydrolase activities, which 
were monitored as markers of PON1 activity, whereas the marker activity for choline esterase, the benzoyl 
choline hydrolase activity, was completely removed during the purification process.  The fractions 
containing the OM hydrolase were separated through SDS-PAGE and stained with Coomassie Brilliant 
Blue, showing a highly purified enzyme preparation with a dominant protein band exhibiting an apparent 
molecular mass of 48.5 kDa (Fig. 3-2A, lane 5).  After transfer onto the PVDF membrane, the band was 
excised from the membrane and subjected to the following amino acid sequencing. 
 
Table 3-1.  Purification of OM bioconversion hydrolase from human plasma and three marker 
activities of typical plasma esterases 
 
The activities of phenyl acetate hydrolysis and paraoxon hydrolase, as markers of PON1 activity, and the 
activity of benzoyl choline hydrolysis, as a marker for choline esterase, were simultaneously monitored 
over the purification process. 
  
Purification step
fold fold fold fold
Plasma 13.0 1 0.014 1 0.001 1 13.4 1
Blue Sepharose 312.5 24 0.292 21 0.016 16 0.0 0
DEAE-Sephacel
Step1     2457.2 189 1.534 110 0.082 82 0.0 0
Step2     5020.4 386 4.036 288 0.172 172 0.0 0
Benzoyl choline hydrolaseParaoxon hydrolase
nmol
/min/mg protein
ΔOD 270
/min/mg protein
ΔOD 412
/min/mg protein
nmol
/min/mg protein
OM hydrolase Phenyl acetate hydrolase
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Figure 3-2  Purification of PON1 from human plasma.  The OM hydrolase was purified from human 
plasma through successive column chromatography. The SDS-PAGE gel stained with Coomassie Brilliant 
Blue (A) and the immunoblot membrane stained with anti-PON1 IgG (B) for the pooled active fractions of 
each purification step are shown. Lane 1, molecular mass marker; lane 2, human plasma; lane 3, eluate 
from Blue Sepharose column; lanes 4 and 5, first- and second-step eluates, respectively, from 
DEAE-Sephacel column.  Arrowheads, 48.5-kDa bands (subjected to amino acid sequencing in A, lane 
5). 
 
4. N-Terminal Amino Acid Sequencing 
The automated Edman degradation procedure provided the N-terminal sequence of the first 20 
amino acids of the column-purified OM hydrolase from human plasma.  The following sequence was 
obtained: Ala-Lys-Leu-Ile-Ala-Leu-Thr-Leu-Leu-Gly-Met-Gly-Leu-Ala-Leu-Phe-Arg-Asn-His-Gln.  A 
BLAST search against human protein database (NCBI's RefSeq database) demonstrated that PON1, which 
was postulated to be our target protein in plasma, is the only human protein that shows a perfect match to 
the determined 20-amino acid sequence. 
5. OM Hydrolysis by Recombinant PON1 Proteins 
To confirm the protein identification results from N-terminal amino acid sequencing, we 
overexpressed recombinant human PON1 in FreeStyle 293-F cells, a mammalian cell line derived from 
HEK-293 cells, and the OM-hydrolase activity of the recombinant protein was measured.  Because 
residue 192 is a well investigated polymorphic site of human PON1 that accounts for marked qualitative 
differences [66, 67], two types of allelic homozygotes at residue 192, PON1192QQ and PON1192RR, were 
generated.  To confirm the recombinant proteins produced, we examined tryptic fragments by using mass 
spectrometry and achieved 78% and 95% amino acid sequence coverage of PON1192QQ and PON1192RR, 
respectively, with covering of the Q192R mutated sequence.  Both recombinant PON1 allozymes rapidly 
BA
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hydrolyzed OM, converted it into the active metabolite olmesartan, and showed calcium ion dependence of 
the enzymatic activity (Table 3-2). 
6. Immunoblotting of Plasma OM Hydrolase  
Specific immunoreactivity of the IgG fraction against the PON1 protein was confirmed with 
Western blotting (Fig. 3-2B).  The anti-PON1 IgG immunostained the targeted protein in active fractions 
of each column purification step as a single band with the same migration point, whose intensity increased 
in accordance with the proceeding purification step. 
7. Metal Ion Requirements 
In Table 3-2, the OM-hydrolase activities of several plasma esterases in incubation buffer 
containing Ca
2+
 ions are compared with those in buffer in which Ca
2+
 ions were replaced by either Zn
2+
 or 
Mg
2+
 ions.  The enzymatic activities of the diluted plasma and recombinant PON1 proteins were greatly 
reduced in the absence of Ca
2+
 ions. In contrast, the purified serum albumin hydrolyzed OM equally in all 
incubations, regardless of the metal ions contained. 
 
Table 3-2.  Metal ion requirement for OM hydrolysis by various proteins in human plasma 
 
Percent (%) activity was determined as the ratio to the activity in the presence of Ca
2+
 ions.  Substrate 
concentration was 10 µM. 
 
8. Kinetic Analysis 
The OM hydrolysis activity in human plasma, the recombinant proteins PON1192QQ and 
PON1192RR, and purified serum albumin exhibited single-enzyme Michaelis-Menten kinetics, as shown in 
Fig. 3-3.  The parameters of enzyme kinetics are summarized in Table 3-3.  Higher estimated Km values 
for the recombinant proteins PON1192QQ and PON1192RR (157 and 102 μM, respectively) than for plasma 
(Km=6.71 μM, Chapter 1) indicate a meaningful lower affinity of the substrate OM for the recombinant 
PON1 proteins than the natural protein in plasma.  A comparison of Vmax/Km, representing enzymatic 
efficiency, between the two recombinant PON1 proteins showed that PON1192RR was more active with OM 
as a substrate than was PON1192QQ.  The Vmax/Km value for serum albumin was considerably lower than 
those of the recombinant PON1 proteins. 
Enzyme source
Plasma 7.9100  ( 100 ) 0.2660  ( 003.4 ) 0.0918  ( 001.2 )
Recombinant PON1192QQ 9.5000  ( 100 ) 0.6500  ( 006.8 ) 0.7500  ( 007.9 )
Recombinant PON1192RR 20.6000  ( 100 ) 2.2500  ( 010.9 ) 1.7500  ( 008.5 )
Serum Albumin 0.0102  ( 100 ) 0.0106  ( 103.9 ) 0.0164  ( 160.8 )
+ Ca
2+
+ Mg
2+
+ Zn
2+
nmol/min/mg protein (% activity)
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Figure 3-3.  Enzymatic kinetics for OM hydrolysis by human plasma esterases.  Enzyme kinetics of 
recombinant proteins PON1192QQ (A) and PON1192RR (B), and purified serum albumin (C) were 
investigated.  The OM-hydrolase activity was determined as an olmesartan formation rate measured by 
LC-MS/MS.  Data represent the mean values of duplicate determinations.  Solid lines, best fit to the 
Michaelis-Menten equation with nonlinear least-squares regression.  Insets, Eadie-Hofstee plots. 
 
Table 3-3.  Kinetic parameters for OM-hydrolase activities by various proteins in human plasma 
 
Data generated in duplicate determinations were fitted to the single enzyme Michaelis-Menten model with 
nonlinear least-squares regression. 
 
0
0.5
1
0 100 200 300 400
0
1
2
0 0.005
0
20
40
60
80
100
120
0 100 200 300 400
0
50
100
0 1 2
v
0
v0/Sv
0
(n
m
o
l/
m
in
/m
g
 p
ro
te
in
)
Substrate (µM)
C
0
20
40
60
80
100
0 100 200 300 400
0
50
100
0 0.4 0.8
v
0
v0/Sv
0
(n
m
o
l/
m
in
/m
g
 p
ro
te
in
)
Substrate (µM)
B
v
0
v0/Sv
0
(n
m
o
l/
m
in
/m
g
 p
ro
te
in
)
Substrate (µM)
A
Enzyme source K m V max V max/K m
Recombinant PON1192QQ 157.00 124.00 0.79000
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9. Immunoprecipitation of Plasma OM Hydrolase 
The contribution of PON1 and albumin to OM bioconversion in human plasma was estimated 
through immunoprecipitation with specific antibodies against the respective proteins.  As shown in Fig. 
3-4A, the IgG against human PON1 showed concentration-dependent inhibition of the OM-hydrolase 
activity in human plasma and completely abolished the activity at a 4-fold IgG fraction/plasma ratio.  In 
contrast, the IgG against human serum albumin displayed only incomplete inhibition of the plasma 
OM-hydrolase activity even at the highest IgG fraction/plasma ratio (Fig. 3-4B), despite showing complete 
inhibition of the activity in purified albumin with the same volume of IgG fraction added (data not shown). 
The maximal inhibition magnitude, which was observed at IgG fraction/plasma ratios of more than 2-fold, 
was less than 30% of the control activity. 
 
 
 
Figure 3-4.  Immunoprecipitation analysis of the OM-hydrolase activity in human plasma.  
Inhibitory effects of the rabbit IgG raised against two human serum proteins, PON1 (A) and albumin (B), 
on the OM-hydrolase activity in human plasma are shown.  Diluted human plasma was incubated 
overnight at 4°C with the two purified IgG fractions at various IgG fraction/plasma ratios.  Solid lines, 
best fit to the sigmoidal Emax model of inhibitory effects with non-linear least-squares regression. 
 
10. Distribution of OM-Hydrolase Activity in Human Serum Lipoprotein Fractions 
The lipoprotein fractions, namely very-low-density lipoprotein (VLDL) including chylomicron, 
low-density lipoprotein (LDL), and HDL, were separated from human serum, and the distribution of the 
OM-hydrolase activity in the lipoprotein fractions and lipoprotein deficient serum (LPDS) was 
investigated.  Most of the activity (more than 93%) was located in the HDL fraction, whereas fairly low 
enzymatic activity was observed in LPDS, which is thought to include serum albumin (Table 3-4). 
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Table 3-4.  Distribution of the OM-hydrolase activity in lipoprotein fractions and LPDS separated 
from human serum 
 
Human serum was fractionated into three lipoprotein fractions (VLDL including chylomicron, LDL, and 
HDL) and LPDS with a sequential ultracentrifugation method.  The substrate concentration was 10 µM.  
The activity in the LPDS was tested in KPB and Tris-HCl buffer containing Ca
2+
 ions, because serum 
albumin previously showed higher activity for OM hydrolysis in KPB than in Tris-HCl buffer.  NC, not 
calculated. 
 
11. Discussion 
Although several reports stated that some human plasma esterases are capable of bioconversion of 
the prodrug OM [24, 26], there was no report that presented evidence of the molecular identification of 
enzymes responsible for the hydrolytic reaction.  This chapter directly presented the identification of the 
OM hydrolase purified from human serum as human PON1 through N-terminal peptide sequencing, and 
then demonstrated significant OM-hydrolase activities of recombinant PON1 proteins.  In Chapter 1, the 
OM-hydrolase activity in human plasma was strongly inhibited by PCMB (a free thiol modifier) and 
EDTA (a divalent cation chelator), which are both PON1 inhibitors, but was not sensitive to DFP (an 
organophosphate), which inhibits cholinesterases and carboxylesterases, suggesting that PON1, one of the 
major plasma hydrolases, is involved in the OM bioconversion in human plasma.  The cross-species 
difference in plasma OM-hydrolase activities (abundant in rabbits and limited in rats, as shown in Fig. 3-1) 
also suggested the involvement of PON1 [68, 69] in OM bioconversion in plasma, rather than other plasma 
esterases.  Therefore, this OM-hydrolase activity was purified according to the method historically used 
for PON1 purification [70].  The N-terminal sequence (20 amino acids) of the extruded 48.5-kDa protein 
was, as we expected, identical to the N-terminal region spanning Ala2 to Gln21 of human PON1 (EC 
3.1.8.1./EC 3.1.1.2). 
In an attempt to confirm the OM-hydrolase activity of human PON1, recombinant human PON1 
proteins, PON1192QQ and PON1192RR were constructed in a mammalian cell line.  The enzyme 
characteristics of the recombinant proteins were compared with those of diluted human plasma and 
purified serum albumin, which was reported as another OM-hydrolase enzyme in human plasma.  
Consistent with the well-known feature of paraoxonases as calcium-dependent metalloenzymes, both 
Fraction Incubation buffer
  VLDL and chylomicron Tris-HCl/Ca
2+ 13.900 0.174 2.42  (0.4)
LDL Tris-HCl/Ca
2+ 12.600 0.323 4.07  (0.6)
HDL Tris-HCl/Ca
2+ 277.000 2.150 596.00  (93.4)
LPDS Tris-HCl/Ca
2+ 0.516 69.000 35.60  (5.6)
LPDS KPB 0.131 69.000 9.04  (NC)
Velocity Protein content Distribution of activity
nmol
/min/mg protein
mg protein
/ml serum
nmol/min/ml serum
(% distribution)
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recombinant PON1 allozymes and diluted plasma showed calcium ion-dependent OM-hydrolase activities, 
whereas the activity of purified serum albumin was hardly affected by the metal ion replacements (Table 
3-2). 
OM was hydrolyzed slightly faster by recombinant PON1192RR than by PON1192QQ (Table 3-2).  
Genetic variability in human PON1 activity has been of interest and has been widely studied over the years.  
PON1 has two common coding-region polymorphisms, M55L and Q192R; more attention has been paid to 
the latter because it accounts for marked qualitative differences between the two allozymes in their affinity 
for and catalytic activity with a number of substrates [71-73].  Some ester substrates, such as phenyl 
acetate, are hydrolyzed by the PON1 192Q and 192R allozymes at approximately equivalent rates, whereas 
most organophosphates are hydrolyzed by them at different rates.  Prulifloxacin, a prodrug-type 
antibacterial agent with a medoxomil moiety, was reported to be hydrolyzed mainly by PON1 and to form 
its active metabolite [10].  The authors showed that the prulifloxacin-hydrolase activity positively 
correlated with the paraoxon-hydrolase activity (which is catalyzed faster by PON1192R), which suggests 
that the PON1192R allozyme is more active than the PON1192Q allozyme in prodrug conversion, in the same 
manner as OM bioconversion.  The interindividual variation in the prulifloxacin-hydrolase activity was 
reported to be only 2-fold, whereas the variation in the paraoxon-hydrolase activity was 9-fold [10].  
When these results are considered together with the result regarding OM, the effects of the PON1 Q192R 
polymorphism on the bioconversion of the prodrugs with a medoxomil moiety are not considered to be 
significant.  As another example, the latest research on PON1 involvement in the hydrolysis of 
pilocarpine, which is used as a treatment for xerostomia, demonstrated higher activity of the R/R genotype, 
compared with the Q/R and Q/Q genotypes, by using 50 individual human plasma samples [74].  The 
analogy of this polymorphic phenomenon in the pilocarpine lactone ring-opening reaction to those of the 
medoxomil prodrugs described above seems to be attributable to the structural similarity in the hydrolyzed 
groups of these drugs. 
Next, we evaluated the contribution of the two plasma hydrolases, PON1 and albumin, to OM 
bioconversion in human plasma.  In a comparison of kinetic parameters between these two proteins 
(Table 3-3), a significantly lower Km and higher Vmax, resulting in a higher Vmax/Km, for recombinant PON1 
demonstrated a larger capacity of PON1 for OM hydrolysis, compared with albumin.  Because albumin is 
the most abundant protein in plasma, it is still possible that albumin plays a certain role in OM 
bioconversion in human plasma.  Indeed, a several hundred-fold difference in PON1 (~0.2 mg protein/ml) 
[75, 76] and albumin (~40 mg protein/ml) concentrations in human plasma numerically offset the 
difference in the in vitro catalytic efficiencies of these purified proteins.  Therefore, the contribution of 
PON1 and albumin was directly examined by using human plasma in immunoprecipitation assays with 
specific IgG fractions against these two proteins.  The anti-PON1 IgG completely abolished the 
OM-hydrolase activity in human plasma, whereas maximal inhibition of only 30% was observed with the 
anti-albumin IgG (Fig. 3-4), which suggests a predominant contribution of PON1 rather than albumin.  
Similar to the findings for OM, Tougou et al. [10] reported that human serum albumin had prulifloxacin- 
hydrolase activity but the contribution of albumin to the total activity in human serum was <5%, and the 
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authors concluded that PON1 is mainly responsible for the hydrolysis of prulifloxacin. 
Furthermore, the distribution pattern for the OM-hydrolase activity in serum lipoprotein fractions 
and LPDS, with most of the activity located in the HDL fraction (Table 3-4), provides evidence showing 
the practically exclusive involvement of PON1 in plasma OM hydrolysis.  PON1 is an enzyme secreted 
into the blood, where it resides on HDL particles.  Studies showed that both the activity and stability of 
PON1 are highly dependent on the HDL components [77, 78].  Gaidukov and Tawfik [79] demonstrated 
that the stability and lactonase activity of recombinant PON1 were dramatically stimulated by treatment 
with apolipoprotein A-1-containing HDL; in addition, the paraoxonase and arylesterase activities were 
stimulated with HDL particles regardless of the apolipoprotein content.  The association of PON1 with 
human phosphate binding protein, a HDL component with a molecular weight similar to that of PON1, is 
highlighted to be essential for preserving active conformations of the enzyme [80, 81].  Lacking these 
HDL components as chaperones might explain the considerably lower affinity for OM of our recombinant 
PON1 proteins, compared with that of natural PON1 in diluted human plasma in the enzyme kinetic 
analysis (Table 3-3). 
In Chapter 1, the intestinal first-pass availability in the prodrug form was estimated to be several 
percent in QGut model predictions [27] using the in vitro clearance for intestinal CMBL and a permeability 
estimate for OM.  The plasma esterase PON1 follows, presumably in the portal blood, and may play a 
supplemental role to complete the bioconversion of prodrug molecules that escape hydrolysis by CMBL in 
the intestine.  Although the transit time through portal blood is quite short, the possibility of a significant 
contribution of plasma PON1 was indicated in a previous publication, which showed that OM hydrolysis 
proceeds in human plasma with a half-life of less than several seconds [23].  This multiple-enzyme 
contribution at multiple sites is considered to effectuate the minimal risk of significant interindividual 
variation regardless of possible inhibition by concomitantly administered drugs or genetic polymorphisms 
in CMBL that may cause varied production of the pharmacologically active metabolite.  No components 
other than the active metabolite olmesartan were detected in plasma after oral administration of 
radiolabeled OM to healthy volunteers [24]. 
In summary, this work presented for the first time the purification of the OM-bioconversion 
hydrolase in human plasma and its identification as PON1, on a molecular basis.  Moreover, it was clearly 
demonstrated that PON1 plays a major role in OM bioconversion in human plasma, through a comparison 
of enzyme characteristics of PON1 and albumin. 
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Summary 
This thesis has investigated the bioconversion mechanism of a prodrug-type ARB, OM, which is 
rapidly and completely converted to its pharmacologically active form before it comes into systemic 
circulation.  The author purified two different human OM hydrolases from complex biological sources, 
identified them to be CMBL and PON1, and characterized them in detail by applying biochemical and 
molecular biological techniques.  This chapter summarizes new findings provided from the present 
research. 
Previous observations indicated that OM bioconversion to olmesartan occurs in multiple organs, 
namely in the liver and intestine as well as plasma, in humans in vivo.  In Chapter 1, in vitro metabolism 
studies were carried out using human biological preparations above, suggesting that the major enzymes 
with OM-hydrolase activity in human liver and intestine would be an identical or a similar subtype of 
enzymes, but they could be clearly distinguished from the plasma OM hydrolase.  In both human liver 
and intestinal cytosols, which showed higher activities than respective tissue microsomes, OM was 
converted to the active metabolite, olmesartan, in a simple Michaels-Menten kinetics manner showing 
similar affinity.  Diluted human plasma showed much higher activity and affinity than those of liver and 
intestinal cytosols also exhibiting simple Michaels-Menten kinetics.  The liver and intestinal enzymes 
showed a similar chemical inhibition pattern with each other, which is distinguishable from other known 
prodrug converting esterases; the OM-hydrolase activities were strongly inhibited by a free thiol modifier 
PCMB, whereas they were not inhibited by DFP, PMSF, eserine, or EDTA.  Plasma OM-hydrolase 
showed a different chemical inhibition pattern from the liver and intestinal enzymes; where the activity 
was almost completely inhibited by PCMB and EDTA.  Chapter 1 also discussed the contribution of the 
multiple OM-hydrolases to the prodrug bioconversion in humans in vivo.  After oral administration of the 
prodrug, the first pass bioconversion may occur in the intestine, followed by the portal blood and liver 
before it reaches the systemic circulation.  Based on the experimentally defined in vitro intrinsic clearance 
for intestinal OM hydrolase and a permeability estimate of OM, the intestinal first-pass availability in the 
prodrug form was estimated to be less than ten percent by QGut-model prediction, indicating predominant 
in vivo contribution of the intestinal hydrolase rather than the plasma hydrolase. 
Chapter 2 discussed OM bioconversion in the liver and intestine.  In Section I, the author purified 
the OM bioconversion hydrolase from human liver which was considered to be identical to the intestinal 
enzyme through successive column chromatography, and molecularly identified it by mass spectrometry as 
CMBL.  Human CMBL, whose endogenous function has still not been reported, is a human homolog of 
Pseudomonas dienelactone hydrolase involved in the bacterial halocatechol degradation pathway.  The 
ubiquitous expression of human CMBL gene transcript in various tissues was observed.  Recombinant 
human CMBL showed a significant OM-hydrolase activity with a similar affinity, and a quite consistent 
sensitivity to typical esterase inhibitors with the OM hydrolases in human liver and intestinal cytosols.  
Site-directed mutagenesis on the putative active residue Cys
132
 of the recombinant CMBL caused a drastic 
reduction of the OM-hydrolase activity.  Furthermore, the recombinant human CMBL converted 
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faropenem medoxomil and lenampicillin, which were medoxomil prodrugs marketed decades ago, into 
their active metabolites.  These findings gave light on a biological role to metabolize xenobiotics of the 
uninvestigated human hydrolase CMBL for the first time. 
In Section II, interindividual variability of human CMBL was presented by analyzing a large 
number of individual human liver and intestinal specimens.  This approach also clarified that CMBL is 
the key enzyme responsible for OM bioconversion in the intestine by showing a significant correlation 
between CMBL protein and the target activity.  The CMBL protein and OM-hydrolase activity were 
highly distributed in the proximal region (duodenum and jejunum), and decreased to the distal region of 
the intestine.  Although there was high interindividual variability (16-fold) in both the protein and activity 
in the intestinal segments from the duodenum to colon, the interindividual variability in the duodenum and 
jejunum was relatively small (3.0- and 2.4-fold in the protein and activity, respectively).  In the liver 
samples, the interindividual variability in the protein and activity was 4.1- and 6.8-fold, respectively.  No 
sex differences in the protein and activity were shown in the human liver or intestine.  A genetically 
engineered Y155C mutant of CMBL, which was caused by a SNP rs35489000, showed significantly lower 
OM-hydrolase activity than the wildtype protein although no minor allele was genotyped in the 40 
individual liver specimens. 
In Section III, the author compared the bioconversion properties of OM with those of other 
prodrug-type ARBs, CC and AM, by focusing on interspecies differences and tissue specificity.  In 
in-vitro experiments with pooled tissue subcellular fractions of mice, rats, monkeys, dogs, and humans, 
substantial OM-hydrolase activities were observed in cytosols of the liver, intestine, and kidney in all the 
species tested except for the dog intestine showing negligible activity, whereas lung cytosols showed 
relatively low activities compared with the other tissues.  In contrast, liver microsomes exhibited the 
highest CC-hydrolase activity among various tissue subcellular fractions in all the species tested.  
AM-hydrolase activities were well correlated with the OM-hydrolase activities, whereas CC-hydrolase 
activities were not.  As a result of Western blot analysis with the tissue subcellular fractions, the band 
intensities stained with anti-human CMBL and CES1 antibodies well reflected OM- and AM-hydrolase 
activities and CC-hydrolase activity, respectively, in animals and humans.  Recombinant human CMBL 
and CES1 showed significant AM- and CC-hydrolase activities, respectively, whereas CC hydrolysis was 
hardly catalyzed with recombinant CES2.  Accordingly, OM is bioactivated mainly via intestinal and 
additionally hepatic CMBL not only in humans but also in mice, rats, and monkeys, while CC is via 
hepatic CES1 rather than intestinal enzymes including CES2. 
Chapter 3 focused on the other OM converting plasma esterase which showed extremely rapid in 
vitro metabolic clearance in Chapter 1.  The plasma OM-hydrolase was purified from human plasma 
through successive column chromatography and was molecularly identified by N-terminal amino acid 
sequencing, which resulted in a sequence of 20 amino acids identical to that of human PON1.  Two 
recombinant allozymes of human PON1 (PON1192QQ and PON1192RR) were genetically constructed and 
were clearly demonstrated to hydrolyze OM; hydrolysis by the latter allozyme was slightly faster than that 
by the former.  Furthermore, this chapter compared the enzyme characteristics of PON1 with those of 
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albumin, a reported plasma protein to hydrolyze OM.  Enzyme kinetics demonstrated that OM was 
hydrolyzed more effectively by the recombinant PON1 proteins than by purified albumin.  The 
OM-hydrolase activities of the recombinant PON1 proteins and diluted plasma were greatly reduced in the 
absence of calcium ions.  Immunoprecipitation with anti-PON1 IgG completely abolished the 
OM-hydrolase activity in human plasma, whereas the activity was partially inhibited with anti-albumin 
IgG.  The distribution pattern of the OM-hydrolase activity in human serum lipoprotein fractions and 
lipoprotein-deficient serum was examined and showed that most of the OM-hydrolase activity was located 
in the HDL fraction, with which PON1 is closely associated.  Collectively, it was demonstrated that 
PON1, but not albumin, plays a major role in OM bioconversion in human plasma. 
In summary, this thesis comprehensively investigated the bioconversion of prodrug OM, and 
revealed that intestinal CMBL predominantly contributes to the bioconversion and that plasma PON1, 
presumably in the portal blood, may play a supplemental role to complete the conversion of prodrug 
molecules that escape from the hydrolysis by CMBL in the intestine.  This multiple-enzyme contribution 
in multiple sites is considered to effectuate the minimal risk of significant interindividual variation 
regardless of the possible inhibition by concomitant drugs or genetic polymorphism in CMBL that may 
cause a varied production of the pharmacologically active metabolite. 
 
  59 
Concluding Remarks 
This thesis comprehensively investigated the bioconversion of prodrug OM.  The important 
findings of the present work are listed as concluding remarks of this thesis: 
1) The prodrug molecules of OM after oral administration are considered to be mostly converted to their 
active metabolite olmesartan via CMBL in intestinal epithelial cells during the absorption process.  
PON1, presumably in the portal blood, may play a supplemental role to complete the conversion 
before the drug molecule comes into the systemic circulation. 
2) Enzyme characteristics of the uninvestigated hydrolase CMBL were shown for the first time. 
 Human CMBL catalyzes the bioactivation of medoxomil-ester prodrugs: OM and other marketed 
drugs, faropenem medoxomil, lenampicillin, and AM. 
 Human CMBL is a cytosolic cysteine hydrolase with Cys132 in its active center. 
 In the intestine, the human CMBL protein and activity were highly distributed in the proximal 
region (duodenum and jejunum), and decreased to the distal region. 
 The interindividual variability of the activity in the human intestine (duodenum and jejunum) 
and liver is relatively small.  No sex differences are shown in both tissues. 
 The non-synonymous SNP rs35489000 of the human CMBL gene, which is the cause of the 
amino acid substitution Y155C, may decrease the enzyme activity. 
 The human CMBL protein is highly expressed in the liver, intestine, and kidney.  The mRNA is 
ubiquitously expressed in various tissues including the tissues above. 
 The mouse, rat, and monkey CMBL proteins and their activities are high in the liver, intestine, 
and kidney similarly to humans.  Negligible CMBL protein expression or slight OM-hydrolase 
activity was observed in the dog intestine. 
3) PON1 as an OM-hydrolase in human blood circulation was characterized. 
 The OM-hydrolase activity of PON1 is extremely high. 
 A common coding region polymorphism of PON1, Q192R, does not significantly affect the 
OM-hydrolase activity. 
 PON1 plays a major role in the OM bioactivation in human blood circulation rather than 
albumin. 
Finally, this research will contribute to more effective and safer drug use of OM in clinical 
practice by understanding the bioactivation mechanism of the prodrug.  Furthermore, from the viewpoint 
of prodrug design, this research gave us valuable findings; the utility of medoxomil-ester moiety to add 
oral absorbability to hydrophilic compounds and the significant role of the novel hydrolase CMBL in the 
rapid and complete medoxomil-ester prodrug bioconversion in humans for the first time.  Moreover, 
given the increasing involvement of unknown drug metabolizing enzymes to date as metabolically stable 
compounds against CYP enzymes are preferably selected in the early discovery stage of drug development, 
the methodologies used for the identification and characterization of this uninvestigated enzyme CMBL are 
considered to be widely applicable for future research of unknown drug metabolizing enzymes.  Thus, the 
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author hopes that those findings will help efficient drug development in the future. 
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Experimental 
Chapter 1 
1. Materials 
Chemicals.  OM, olmesartan, and RNH-6272 were synthesized at Daiichi Sankyo (Tokyo, 
Japan).  RNH-6272 is a structural analog of olmesartan and was used as an internal standard for 
determination of olmesartan.  BNPP and PCMB were purchased from Tokyo Chemical Industry (Tokyo, 
Japan).  PMSF, DFP, and EDTA were purchased from Wako Pure Chemical (Osaka, Japan).  All the 
other chemicals and reagents were of the highest grade available and were obtained from standard 
commercial sources. 
Biomaterials.  Human plasma was prepared from fresh blood samples collected from healthy 
subjects under a protocol approved by the Institutional Human Ethical Committee of Daiichi Sankyo 
(previously Sankyo).  Human liver and intestinal subcellular fractions (cytosol and microsomes) were 
purchased from Tissue Transformation Technologies (Edison, NJ, USA) or XenoTech LLC (Lenexa, KS, 
USA). 
2. OM-Hydrolase Activity Measurement 
The OM-hydrolase activity was measured in 100 mM HEPES buffer (pH 7.4) with liver and 
intestinal subcellular fractions, or in 100 mM Tris-HCl buffer (pH 7.5) containing 1 mM CaCl2 with 
diluted human plasma, except as otherwise noted.  After 5-min pre-incubation at 37 °C, the reaction was 
initiated by adding the substrate (final solvent concentration: 2.5% acetonitrile).  After incubation at 
37 °C for an appropriate time, the reaction was terminated by adding a 4-fold volume of ice-cold 87.5% 
acetonitrile containing RNH-6272 as an internal standard for the determination of olmesartan concentration 
and 0.25% trifluoroacetic acid or formic acid for preventing the non-enzymatic degradation of OM.  The 
formed metabolite olmesartan with liver and intestinal subcellular fractions was determined by HPLC.  
The mixture was centrifuged and the resultant supernatant was directly analyzed by an HPLC system 
(SLC-10A vp system, Shimadzu, Kyoto, Japan) with a reversed-phase C18 column (SunFire C18, S-5 μm, 
4.6 mm I.D.×150 mm, Waters, Milford, MA, USA) and an eluent of 32% acetonitrile containing 0.1% 
trifluoroacetic acid.  Ultraviolet (UV) detection of olmesartan was achieved at 254 nm.  The lower limit 
of quantitation was set at 0.2 μM.  The formed metabolite olmesartan with plasma was determined by 
LC-MS/MS.  The mixture, at a volume of ca. 200 μL, was filtered using a Captiva 96-well filter plate, 
mixed with 200 μL of 50% methanol containing 1% formic acid, and was analyzed by an LC-MS/MS 
system consisting of a Prominence LC-20A system (Shimadzu) and an API3200 (Applied 
Biosystems/MDS SCIEX, Foster City, CA, USA).  Olmesartan was separated with a reversed-phase C18 
column (Atlantis T3, S-5 µm, 2.1 mm ID×150 mm, Waters) and a mobile phase of 64% methanol 
containing 0.2% formic acid at a flow rate of 0.2 ml/min, and was determined by monitoring the ion 
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transition of m/z 447 to m/z 207 with multiple reaction monitoring in the positive electrospray ionization 
mode.  The lower limit of quantitation was set at 20 nM.  The enzymatic activity was expressed as a 
metabolite formation rate (nmol/min/mg protein) based on the production of olmesartan for the reaction by 
each enzyme source, from which the buffer control was subtracted as non-enzymatic hydrolysis. 
3. Kinetic Analysis 
Liver and intestinal OM-hydrolase.  OM as a substrate was incubated with each enzyme source 
at 37 °C for 10 min.  Enzyme sources were as follows: liver and intestinal cytosol; 0.05 mg protein/ml, 
liver microsomes; 0.5 mg protein/ml, intestinal microsomes; 0.25 mg protein/ml.  The Km and Vmax were 
calculated from the metabolite formation rate (v0) at substrate concentrations [S] ranging from 7.81 to 1000 
µM using WinNonlin Professional (version 1.4.1, Pharsight, Sunnyvale, CA, USA) by a non-linear 
least-square regression analysis fitting to the Michaelis-Menten equation, v0 = Vmax × [S]/(Km + [S]). 
Plasma OM-hydrolase.  OM (3.125 to 400 µM) as a substrate was incubated with diluted 
human plasma (500-fold dilution) at 37 °C for 1 min.  The kinetic parameters were estimated as stated 
above using WinNonlin Professional (version 5.2.1, Pharsight). 
4. Chemical Inhibition Study 
OM as a substrate (250 µM) was incubated with liver, intestinal cytosols (0.2 mg protein/ml each) 
or diluted plasma (2.5 mg protein/ml) in 10 mM potassium phosphate buffer (pH 7.4, incubation volume of 
0.25 ml) at 37 °C for 5 min, and the effects of known esterase inhibitors were examined.  Each inhibitor 
concentration was as follows: BNPP, DFP, PCMB, eserine and PMSF, 1000 µM; EDTA, 500 µM.  
Olmesartan was determined by an HPLC system (SLC-10A vp system, Shimadzu) with a reversed-phase 
C18 column (YMC-Pack ODS-A A-312, C-18, 5 µm, 6.0 ID×150 mm, YMC, Kyoto, Japan) and an eluent 
of 40% acetonitrile containing 1% PIC-A (Waters) at a flow rate of 1.0 ml/min. UV detection of olmesartan 
was achieved at 254 nm. 
5. Calculation of Intestinal First-Pass Availability by QGut Model 
The Fg value of OM after oral administration was estimated by the QGut model [27] with the 
equation (1), where Fg represents intestinal availability, CLuint Gut represents unbound intestinal intrinsic 
clearance, and fuGut represents the fraction unbound in the enterocytes. 
Fg = QGut / (QGut+ fuGut∙CLuint Gut)  (1)             
QGut is a hybrid parameter of the two more fundamental parameters, CLperm representing permeability 
through the enterocyte membrane and Qvilli representing villous blood flow with the equation (2): 
QGut = Qvilli∙CLperm / (Qvilli + CLperm)  (2)                 
Here, QGut was simulated by simCYP software (version 11, Simcyp, Sheffield, UK) based on the equation 
(2) using the topological polar surface area of OM molecule 154, to estimate CLperm, and Qvilli of 18 l/h 
[27].  CLuint Gut of 7290 ml/min/man was calculated with in vitro metabolic intrinsic clearance of OM in 
human intestinal cytosol (CLint vitro; 0.234, calculated as Vmax/Km), the experimentally determined unbound 
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fraction of OM, 0.953, in the incubation mixture by ultrafiltration method, and published scaling factors; 
18 mg protein/g intestine [28] and 1650 g intestine/man [29].  The fuGut value was assumed to be ranging 
from 1 to 0.1. 
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Chapter 2, Section I 
1. Materials 
Chemicals.  The chemicals stated above (Experimental Chapter 1. 1) were used except as 
otherwise noted.  Lenampicillin hydrochloride was extracted from Varacillin tablets (Organon-Japan, 
Osaka, Japan).  Ampicillin sodium salt, faropenem medoxomil and faropenem sodium salt were 
purchased from Sigma-Aldrich Japan (Tokyo, Japan), Toronto Research Chemicals (Ontario, Canada) and 
Hangzhou-Hetd Industry (Hangzhou, China), respectively.  Ulifloxacin was synthesized at Daiichi 
Sankyo.  Amoxicillin, used as an internal standard for ampicillin concentration measurement, was 
purchased from Sigma-Aldrich. 
Biomaterials.  Human liver cytosolic fraction for purification of OM hydrolase was purchased 
from Human and Animal Bridging Research Organization (Tokyo, Japan).  Pooled human liver and 
intestinal subcellular fractions (cytosol and microsomes) were purchased from XenoTech LLC. 
2. Purification and Identification of Human CMBL 
All column purification steps were performed using a fast protein liquid chromatography (FPLC) 
system (Amersham Biosciences) with monitoring absorbance at 280 nm.  Human liver cytosolic fraction 
was added to four volumes of 20 mM potassium phosphate buffer (pH 7.4) containing 1.7 M ammonium 
sulfate, followed by centrifugation at 19,000×g for 10 min.  The supernatant was loaded onto a 
hydrophobic interaction column (HiPrep 16/10 Octyl FF, Amersham Biosciences) and eluted with a linear 
gradient of 1.7 to 0 M ammonium sulfate in 20 mM potassium phosphate buffer (pH 7.4).  The active 
fractions were purified on an ion exchange column (DEAE Sepharose Fast Flow column, Amersham 
Biosciences) with a linear gradient of 0 to 500 mM NaCl in 20 mM potassium phosphate buffer (pH 7.4).  
The active fractions were loaded onto a gel filtration column (Hi Prep 16/60 Sephacryl S-200 column, 
Amersham Biosciences) with 20 mM potassium phosphate buffer (pH 7.4).  Between the serial column 
purification steps, the active fractions were concentrated by an ultrafiltration method using Ultracel 
Amicon YM10 (Millipore, Billerica, MA, USA).  A portion of the active fractions from the last column 
purification was loaded onto SDS-polyacrylamide gel (10-20% gradient gel, Bio-Rad, Hercules, CA) under 
reduced conditions, and the gel was stained with SYPRO Ruby (Molecular Probes, Eugene, OR, USA) and 
scanned using a Molecular Imager FX (Bio-Rad).  The OM-hydrolase activity in each fraction was 
measured in 10 mM potassium phosphate buffer (pH 7.4) at 37 °C and the active metabolite olmesartan 
was determined by the HPLC method stated above (Experimental Chapter 1. 4)  The protein 
concentration was determined by the Lowry method [82] using a DC Protein Assay (Bio-Rad) with bovine 
serum albumin as a standard.  
To identify the protein, the bands on the SDS-polyacrylamide gel were excised and underwent 
in-gel tryptic digestion (Modified trypsin, Promega KK, Tokyo, Japan), then the resultant peptides were 
subjected to a reverse-phase liquid chromatography with LC-MS/MS analysis as reported previously [83] 
with slight modification.  The tandem mass spectra were searched against the GenBank non-redundant 
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protein database using the Mascot program (Matrix Science, London, UK). 
3. Molecular Cloning of Human CMBL 
The human CMBL gene was amplified by PCR from the human liver and skeletal muscle cDNA 
library using forward and reverse primers (5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACC 
ATGGCTAACGAAGCTTATCCTTGTCC-3' and 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCCT 
ACATGTACTTGTTCAGCCACTCAATTAA-3', respectively).  The resulting PCR product was cloned 
into a pDONR221 entry vector by the BP reaction and the sequences were confirmed by DNA sequencing. 
4. Recombinant Human CMBL in E. Coli and Mutant Generation 
The open reading frame of the full-length human CMBL in the entry vector was inserted by the 
LR reaction into the corresponding site of the expression vector pDEST-T7/lac which was constructed 
in-house.  The resulting plasmid was used as the template for PCR.  A QuikChange site-directed 
mutagenesis kit (Stratagene, La Jolla, CA, USA) was used to create two single mutants in human CMBL 
(C132A or C132S) in this study.  The forward and reverse primers used for the mutagenesis were shown 
as follows: 5'-GGCATCGTGGGATTCGCCTGGGGTGGAACTGCTGTCC-3' and 5'-GTTCCACCCCA 
GGCGAATCCCACGATGCCAATTTTC-3' for the mutant C132A, and 5'-CATCGTGGGATTCAGCT 
GGGGTGGAACTGCTGTCC-3' and 5'-CCACCCCAGCTGAATCCCACGATGCCAATTTTC-3' for the 
mutant C132S, respectively.  To confirm the desired mutation and verify the absence of unintended 
mutations, the constructs were sequenced. Each plasmid for the native CMBL and the mutants was 
transformed into E. coli BL21(DE3) competent cells (Novagen, Madison, WI, USA), which were then 
grown in MagicMedia E. coli expression medium (Invitrogen, Carlsbad, CA, USA) containing ampicillin 
(100 µg/ml).  The template protein and two mutants were expressed as N-terminal 6×His-tagged proteins 
and purified using a column packed with His-select Nickel affinity gel (Sigma-Aldrich).  From the eluted 
recombinant proteins the tag was cleaved by biotinylated thrombin (Novagen) treatment.  The resulting 
protein solutions were stored at 4 °C until use.  The protein concentration was determined by the 
Bradford method [84] using a Bradford protein assay kit (Bio-Rad) with bovine serum albumin as the 
reference standard. 
5. Recombinant Human CMBL in Mammalian Cell Line 
To obtain the destination vector pFLAG-CMV-2GW, reading frame B of a Gateway cassette 
(Invitrogen) was inserted into pFLAG-CMV-2 (Sigma-Aldrich).  The converted destination vector was 
confirmed by DNA sequencing.  The open reading frame of the full-length human CMBL was subcloned 
into the expression vector pFLAG-CMV-2GW, which encodes human CMBL with an N-terminal FLAG 
tag.  The expression of the recombinant protein of human CMBL was performed using Freestyle 293-F 
cells (Invitrogen), a mammalian cell line derived from HEK-293 cells, according to the manufacturer's 
instructions.  As a negative control, pFLAG-CMV-2GW destination vector was transfected into the cells.  
The transfected cells were cultured for 72 h in Freestyle 293 Expression Medium (Invitrogen) and lysed 
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with Cellytic-M (Sigma-Aldrich) containing a protease inhibitor cocktail (complete, Roche Applied 
Science, Switzerland).  The cell extract was centrifuged and the cell lysate supernatant was used as an 
enzyme source for the following in vitro metabolic reactions.  The protein concentrations of human 
CMBL- and control vector-transfected cell lysate were determined by the Lowry method [82] using a DC 
protein assay (Bio-Rad) with bovine serum albumin as a standard, and were stored at -80 °C until use. 
The N-terminal FLAG fusion protein was purified by the immunoprecipitation method using 
Anti-FLAG® M2 affinity gel (Sigma-Aldrich) according to the manufacturer's instructions with slight 
modifications.  The purified FLAG fusion protein was stored at 4°C until use. 
6. OM Bioactivation by Recombinant CMBL in E. Coli system 
The OM-hydrolase activity of the recombinant CMBL overexpressed in the E. coli system (the 
tag-purified protein, 0.015 and 0.003 mg protein/ml for Fig. 2-3A and B, respectively) was measured as 
stated above (Experimental Chapter 1. 2).  The reaction time was 1 min.  The concentration of the active 
metabolite olmesartan was determined by the LC-MS/MS method.  The enzymatic activity was expressed 
as a metabolite formation rate (v0; nmol/min/mg protein) based on the production of olmesartan, from 
which the buffer control was subtracted as non-enzymatic hydrolysis.  The kinetic parameters were 
estimated at substrate concentrations ranging from 7.81 to 1000 M using WinNonlin Professional 
(version 1.4.1, Pharsight) as stated above (Experimental Chapter 1. 3). 
7. OM Bioactivation by Recombinant CMBL in Mammalian Cells 
The OM-hydrolase activity of the recombinant CMBL overexpressed in mammalian cells (the 
CMBL-transfected mammalian cell lysate, 0.05 mg protein/ml) was measured as stated above 
(Experimental Chapter 1. 2).  The reaction time was 10 min except as otherwise noted.  The 
concentration of the active metabolite olmesartan was determined by the HPLC method.  The enzymatic 
activity was expressed as a metabolite formation rate (v0; nmol/min/mg protein) based on the production of 
olmesartan, from which the vector control was subtracted as non-enzymatic hydrolysis.  To examine the 
effect of typical esterase inhibitors, 50 µM of OM as a substrate and each inhibitor, BNPP, DFP, PCMB, 
eserine, PMSF (10, 100, and 1000 µM) or EDTA (50, 500, and 5000 µM) were incubated with the 
pre-incubated cell lysate for 5 min.  The kinetic parameters were estimated at substrate concentrations 
ranging from 7.81 to 1000 µM using WinNonlin Professional (version 1.4.1, Pharsight) as stated above 
(Experimental Chapter 1. 3). 
8. Prodrug Bioactivation by Recombinant CMBL 
The prodrug-hydrolase activity was measured in 100 mM HEPES buffer (pH 7.4) at 37 °C with 
the recombinant CMBL overexpressed in mammalian cells (the CMBL-transfected mammalian cell lysate, 
0.05 to 0.4 mg protein/ml) as an enzyme source.  The reaction was initiated by adding substrate solution 
(final solvent concentration: 2.5% acetonitrile and 0.05% trifluoroacetic acid for faropenem medoxomil 
and prulifloxacin, 1% of acetonitrile for lenampicillin) to the pre-incubated reaction mixture.  The 
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reaction was terminated by adding ice cold stop solutions: a 3-fold volume of ice-cold 83.3% acetonitrile 
containing each internal standard (RNH-6272 and ampicillin, respectively) for the metabolite 
determination and 0.33% trifluoroacetic acid for preventing the non-enzymatic degradation of the prodrug 
for the faropenem medoxomil and prulifloxacin reactions, and a 1.5-fold volume of ice-cold acetonitrile for 
the lenampicillin reaction.  After the termination of lenampicillin reaction, the internal standard 
(amoxicillin) containing water (a 1.5-fold volume to reaction mixture) was added for the metabolite 
determination.  Formed active metabolites were determined as follows: Faropenem, the active metabolite 
of faropenem medoxomil, was determined by the same HPLC method as OM stated above (Experimental 
Chapter 1. 2).  Ulifloxacin and ampicillin, the active metabolites of prulifloxacin and lenampicillin, 
respectively, were determined by an LC-MS/MS system consisting of Alliance 2795 (Waters) and 
Micromass Quattro LC (Micromass, Manchester, UK).  Ulifloxacin and ampicillin were separated with a 
reversed-phase C18 column (XBridge C18, S-5 µm, 2.1 mm ID×150 mm, Waters) and a mobile phase of 
32% and 21% acetonitrile containing 0.2% and 0.1% formic acid at a flow rate of 0.2 ml/min, and were 
determined by monitoring the ion transitions of m/z 457 to m/z 233 and m/z 350 to m/z 160, respectively; 
with multiple reaction monitoring in the positive electrospray ionization mode.  The enzymatic activity 
was expressed as a metabolite formation rate (v0; nmol/min/mg protein) based on the production of the 
respective active metabolites, from which the vector control was subtracted as non-enzymatic hydrolysis.  
The kinetic parameters were estimated at substrate concentrations ranging from 7.81 to 1000 M and 0.781 
to 100 M for faropenem medoxomil and lenampicillin, respectively, using WinNonlin Professional 
(version 1.4.1, Pharsight) as stated above (Experimental Chapter 1. 3). 
9. Expression Analysis of Human CMBL Transcript 
Human total RNA isolated from 20 different tissues was purchased from Clontech (Mountain 
View, CA, USA) and the cDNA was synthesized from 1 µg of the total RNA using an Omniscript RT Kit 
(Qiagen, Hilden, Germany) for RT-PCR.  GAPDH was used as a reference gene.  A TaqMan gene 
expression assay for human CMBL (Hs00540853_m1) and Pre-Developed TaqMan Assay Reagent human 
GAPDH were purchased from Applied Biosystems.  Quantitative RT-PCR was performed on a 7500 
Real-time PCR System (Applied Biosystems) using a QuantiTech Probe PCR Kit (Qiagen).  The cycle 
threshold (Ct) values were obtained using Applied Biosystems 7500 system SDS software (version 1.3).  
The data were normalized by setting the average placenta expression value to 1. 
10. Western Blot Analysis of Human CMBL 
The following sample proteins were subjected to Western blot analysis of human CMBL:  the 
recombinant CMBL overexpressed in mammalian cells (10 ng of FLAG-tag purified recombinant CMBL, 
400 ng of CMBL-transfected cell lysate, and respective vector controls), 400 ng each of human liver and 
intestinal cytosolic and microsomal fractions and human plasma.  The sample proteins were separated by 
SDS-PAGE using 12.5% sodium dodecyl sulfate-polyacrylamide gel (Ready Gels J 12.5%, Bio-Rad) and 
then transferred electrophoretically onto a polyvinylidene difluoride membrane (Immun-Blot PVDF 
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membrane, 0.2 µm, Bio-Rad).  The native CMBL proteins expressed in the human tissue preparations 
were detected with affinity-purified rabbit polyclonal IgG against a human CMBL peptide 
(Immuno-Biological Laboratories, Takasaki, Japan) as a primary antibody and ECL anti-rabbit IgG 
horseradish peroxidase (HRP)-linked, from donkey (Amersham Biosciences) as a secondary antibody.  
These immunoblots were visualized by chemiluminesence with an ECL Advance Western Blotting 
Detection Kit (Amersham Biosciences).  The immuno-reactive signals were detected by a lumino-image 
analyzer (LAS-4000UV mini, Fujifilm, Tokyo, Japan). 
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Chapter 2, Section II 
1. Materials 
The chemicals and biomaterials stated above (Experimental Chapter 1. 1 and Chapter 2, Section I. 
1, respectively) were used. 
2. Individual Liver and Intestine 
Sample collection.  Forty individual human liver (14 females and 26 males; median age 63 years, 
range 16-95 years) and 30 intestinal (10 females and 20 males; median age 68 years, range 44-84 years) 
specimens were collected and used to isolate DNA and RNA, and to prepare cytosolic fraction at Daiichi 
Sankyo Europe GmbH (Munich, Germany).  The liver and intestinal tissue sections were obtained from 
Caucasian patients undergoing partial hepatectomy and gastrointestinal surgery for cancer, respectively, 
and normal portions of the tissue sections were used in the study.  Informed consent was obtained from all 
patients and approved by the local ethical committees of the University of Regensburg, Germany and the 
Ludwig-Maximilian-University (Munich, Germany).  Each individual liver and intestinal specimen was 
made anonymous and assigned to an individual code by the charitable state-controlled foundation, Human 
Tissue and Cell Research foundation (Regensburg, Germany; [85]). 
Preparation of liver and intestinal cytosols.  Liver and intestinal cytosolic fractions were 
prepared as described previously [86] with some modifications.  Briefly, frozen liver tissue or intestinal 
mucosa was thawed by directly adding a 4-fold volume (v/w) of homogenizing buffer (50 mM Tris/HCl, 
154 mM potassium chloride, 250 mM sucrose, and 1 mM EDTA; pH 7.4)  In the case of intestinal tissue, 
the homogenizing buffer was enriched with protease inhibitor cocktail (Complete EDTA-free, Roche 
Applied Science, Indianapolis, IN, USA).  After thawing, the tissue was homogenized using an Ultra 
Turrax homogenizer (IKA Labortechnik, Staufen, Germany) with a motor-driven pestle (18 K, 18 mm 
diameter) at 13,500 rpm for 10 sec, three times.  The homogenate was centrifuged at 677×g for 10 min, 
subsequently at 6,940×g for 10 min and finally at 10,844 g for 10 min.  The obtained supernatant was 
filtered through gauze and centrifuged at 111,000×g for 60 min.  The supernatant (cytosol) was collected 
and stored at -80°C until use.  The protein concentration was measured using the Lowry method [82] with 
bovine serum albumin as the reference standard. 
3. Expression Analysis of Human CMBL Transcript 
The total cellular RNA was isolated from tissue samples submerged in RNALater solution using 
an RNeasy Mini kit (both Qiagen) in accordance with the manufacturer's instructions.  After 
determination of the quantity and quality of isolated RNA using a NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies, Wilmington, DE), cDNA was prepared from the total cellular RNA using an 
Omniscript RT Kit (Qiagen) with oligo-dT primers, according to the manufacturer's instructions.  
Quantitative real-time RT-PCR was performed on a 7500 Fast Real-Time PCR System (Applied 
Biosystems) with the reaction mixture containing the cDNA, TaqMan Universal PCR Master Mix and 
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TaqMan Gene Expression Assays (both from Applied Biosystems).  A TaqMan gene expression assay for 
human CMBL (Hs00540853_m1) and Pre-Developed TaqMan Assay Reagent human GAPDH, as the 
internal reference for normalization of mRNA expression levels, were purchased from Applied 
Biosystems. 
4. Western Blot Analysis of CMBL 
The following protein samples were subjected to Western blot analysis of human CMBL: 500 ng 
of 40 human individual liver and 30 intestinal cytosolic fractions, 500 and 250 ng of human pooled liver 
and intestinal cytosolic fractions, respectively, and 250 ng of human CMBL-overexpressed mammalian 
Freestyle 293-F cell lysate (Experimental Chapter 2, Section I. 5) as a positive reference.  The protein 
samples were separated by SDS-PAGE using 12.5% or 12% sodium dodecyl sulfate-polyacrylamide gel 
(Ready Gels J 12.5% or Mini-PROTEAN TGX precast gel 12%, Bio-Rad) and were transferred 
electrophoretically onto a polyvinylidene difluoride membrane (Immun-Blot PVDF membrane, 0.2 µm, 
Bio-Rad).  The native CMBL proteins were immunostained as stated above (Experimental Chapter 2, 
Section I. 10).  The immuno-reactive signal intensities were semi-quantified by Science Lab 2005 Multi 
Gauge software (ver. 3.0, Fujifilm).  Each band intensity of individual liver and intestinal samples was 
normalized to those of pooled liver and intestinal cytosols, respectively. 
5. Preparation of Human CMBL in E. Coli and Mutant Generation 
The plasmid vector containing the open reading frame of the full-length human CMBL 
(Experimental Chapter 2, Section I. 4) was used as the template for generating mutants.  Two single 
mutants in human CMBL (Y155C or A150T) were generated as stated in Experimental Chapter 2, Section 
I. 4.  The forward and reverse primers used for the mutagenesis were shown as follows: 
5'-GTGTCCGTCTGTGGCATTGTCAAGGATTCTGAAGAC-3' and 5'-GACAATGCCACAGACGGAC 
ACCCCTGCCCTG-3' for the mutant Y155C, and 5'-CTCAGAATTCAGGACAGGGGTGTCCGTC 
TATGGC-3' and 5'-GGACACCCCTGTCCTGAATTCTGAGTATTTCATCATCAAATG-3' for the mutant 
A150T. 
6. OM-Hydrolase Activity Measurement 
Liver and intestinal cytosols.  The OM-hydrolase activity in human liver or intestinal cytosolic 
fractions (0.05 mg protein/ml) was measured as stated above in Experimental Chapter 1. 2.  The reaction 
time was 5 min.  The concentration of the active metabolite olmesartan was determined by the 
LC-MS/MS method.  The enzymatic activity was expressed as a metabolite formation rate (v0; 
nmol/min/mg protein) based on the production of olmesartan, from which the buffer control was subtracted 
as non-enzymatic hydrolysis. 
Recombinant CMBL proteins.  The OM-hydrolase activities of the wild-type CMBL and two 
mutant proteins expressed in E. coli (0.003 mg protein/ml) were measured as stated above (Experimental 
Chapter 1. 2).  The reaction time was 1 min.  The concentration of the active metabolite olmesartan was 
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determined by the LC-MS/MS method.  The enzymatic activity was expressed as a metabolite formation 
rate (v0; nmol/min/mg protein) based on the production of olmesartan, from which the buffer control was 
subtracted as non-enzymatic hydrolysis.  The kinetic parameters were estimated at substrate 
concentrations ranging from 7.81 to 1000 μM using WinNonlin Professional (version 1.4.1, Pharsight) as 
stated above in Experimental Chapter 1. 3.   
7. Statistical Method 
An unpaired, two-tailed Student t-test was performed with Microsoft Excel 2010 (Microsoft, 
Redmond, WA, USA) for statistical analyses. 
8. Ethical Approval 
This study was performed under a protocol approved by the Institutional Human Ethical 
Committee of Daiichi Sankyo. 
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Chapter 2, Section III 
1. Materials 
Chemicals.  The chemicals stated above (Experimental Chapter 1. 1) were used except as 
otherwise noted.  CC and candesartan were synthesized at Chemtech Lab. (Tokyo, Japan) and Daiichi 
Sankyo, respectively.  AM and azilsartan were purchased from Cosmo Bio (Tokyo, Japan) and 
Sigma-Aldrich, respectively. 
Biomaterials.  Pooled male CD1 mouse, male Sprague Dawley rat, male cynomolgus monkey, 
male beagle dog, and mixed gender human tissue (liver, intestine, kidney, and lung) cytosolic and 
microsomal fractions were used: Mouse intestinal, human kidney, rat, monkey, dog, and human lung 
cytosolic fractions were separated from commercially available 9,000×g supernatant (S9) fractions of 
respective tissues (XenoTech LLC) as supernatant by ultracentrifugation at 105,000×g at 4°C for 1 h.  A 
mouse lung microsomal fraction was also prepared from a mouse lung S9 fraction (XenoTech LLC).  The 
pellet obtained by ultracentrifugation of the S9 fraction at 105,000×g at 4°C for 1 h was washed and 
re-pelleted with 10 mM potassium phosphate buffer (pH 7.4) containing 1.15% KCl by ultracentrifugation 
with the same conditions as above.  The obtained pellet was re-suspended with 10 mM potassium 
phosphate buffer (pH 7.4) containing 30% glycerol to use as the microsomal fraction.  The other cytosolic 
and microsomal fractions were purchased from XenoTech LLC. 
Pooled human plasma was prepared from fresh blood samples collected from 3 healthy male 
subjects under a protocol approved by the Institutional Human Ethical Committee of Daiichi Sankyo.  
Pooled male CD1 mouse, Sprague Dawley rat, cynomolgus monkey, and beagle dog plasma were prepared 
from fresh blood samples collected from 3 or more animals in accordance with the guidelines of the 
Institutional Animal Care and Use Committee of Daiichi Sankyo. 
2. Recombinant Human Carboxylesterases in Mammalian Cell Line 
To construct a destination vector containing a FLAG epitope tag, the synthesized oligonucleotides 
encoding FLAG tag (amino acid sequence: DYKDDDDK) and reading frame A (Invitrogen) were inserted 
into pcDNA3.1(+) (Invitrogen) as a NheI/HindIII and EcoRV fragment, respectively.  The resulting 
vector pcDNA3.1-CFLAG-GW was verified by sequencing.  pDONR-human CES1 and pDONR-human 
CES2 entry clones, which contain human CES1 and CES2 genes without their native stop codon, 
respectively (produced by Invitrogen), were recombined with the destination vector 
pcDNA3.1-CFLAG-GW using LR clonase II (Invitrogen) to generate the expression vectors 
pcDNA3.1-CFLAG-CES1 and pcDNA3.1-CFLAG-CES2, which encodes human CES1 and CES2, 
respectively, with a FLAG tag at the c-terminus.  The recombinant proteins were produced in mammalian 
FreeStyle 293-F Cells (Invitrogen).  Gene transfected cells were cultured for 7 days in FreeStyle 293 
Expression Medium (Invitrogen).  The conditioned media from the cells overexpressing human CES1 and 
CES2 were dialyzed against 20 mM Tris-HCl buffer (pH 8.0) and filtered with a polyethersulfone 
membrane filter (0.45 µm, Thermo Fisher Scientific, Rockford, IL), and then stored frozen at -80°C until 
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use.  The overexpressed FLAG-tagged protein in the filtrate was purified with a two-step purification 
process: anion chromatography with HiTrap Q-XL (GE Healthcare) followed by anti-FLAG M2 affinity 
gel (Sigma Aldrich).  The eluates were collected, desalted with PD midi Trap G-25 (GE Healthcare), and 
then the resultant protein was stored frozen at -80°C until use. 
3. Prodrug-Hydrolase Activity Measurement in Tissue Subcellular Fraction  
The hydrolase activities for OM, CC, and AM in animal and human tissue subcellular fractions 
were measured with 10 μM of each prodrug as a substrate (final solvent concentration: 2.5% acetonitrile) 
in duplicate.  OM and AM were incubated in 100 mM HEPES buffer (pH 7.4) with 100 μg cytosolic or 
microsomal protein/ml, and CC was incubated in 100 mM Tris-HCl buffer (pH 7.5) at 37 °C with 10 to 
100 μg cytosolic or microsomal protein/ml for 1, 2, and 10 min.  After the reaction termination, the 
olemasartan concentration was determined by LC-MS/MS as stated above (Experimental Chapter 1. 2).  
For the measurement of candesartan and azilsartan, the Captiva filtrate was directly analyzed by 
LC-MS/MS consisting of a Prominence CBM-20A system (Shimadzu) and an API4000 (Applied 
Biosystems/MDS SCIEX).  The metabolites were separated with a reversed-phase ODS column 
(Shim-pack XR-ODS, 2.0 mm ID×300 mm, Shimadzu).  The mobile phase total flow was set to 0.75 
ml/min with binary gradient elution, using solvent A (5% acetonitrile, 0.2% formic acid, 100 mM 
ammonium acetate) and B (95% acetonitrile, 0.2% formic acid, 100 mM ammonium acetate).  The 
gradient started with 45% B for 0.5 min and was increased to 100% B for 0.5 min.  Elution was continued 
for 1 min at 100% B, and then the total flow was increased to 5 ml/min to wash the column.  Candesartan 
and azilsartan were determined by monitoring the ion transition of m/z 441 to m/z 263 and m/z 457 to m/z 
233, respectively; with multiple reaction monitoring in the positive electrospray ionization mode.  The 
enzymatic activity was expressed as a metabolite formation rate (nmol/min/mg protein) based on the 
production of respective active metabolite for the reaction by each enzyme source, from which the buffer 
control as non-enzymatic hydrolysis was subtracted. 
4. Prodrug Hydrolysis by Recombinant Human CES1 and CES2 
The OM-, CC- and AM-hydrolase activities by recombinant human CES1 and CES2 were 
measured with 10 μM of the prodrugs as substrates (final solvent concentration: 2.5% acetonitrile) with or 
without 1 mM BNPP (final solvent concentration: 1% dimethyl sulfoxide) in triplicate.  The prodrugs 
were incubated in 50 mM Tris-HCl buffer (pH 7.5) containing 5% (v/v) conditioned media from CES1- or 
CES2-overexpressed cells as an enzyme source at 37 °C for 2 min.  The enzymatic activity was expressed 
as a metabolite formation rate per reaction (nmol/min/reaction) based on the production of respective 
metabolites. 
5. Prodrug Hydrolysis by Recombinant Human CMBL 
The OM-, CC- and AM-hydrolase activities by recombinant human CMBL were measured with 
10 μM of the prodrugs as substrates (final solvent concentration: 2.5% acetonitrile) in triplicate.  The 
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prodrugs were incubated in 100 mM HEPES buffer (pH 7.4, incubation volume of 0.2 ml) at 37 °C for 5 
min with 100 μg of the human CMBL-transfected mammalian cell lysate (Experimental Chapter 2, Section 
I. 5) as an enzyme source.  The enzymatic activity was expressed as a metabolite formation rate (v0: 
nmol/min/mg protein) based on the production of respective metabolites, from which the vector control 
was subtracted as non-enzymatic hydrolysis.  In addition, the kinetic analysis for AM hydrolysis by 
recombinant human CMBL was carried out with a substrate range of 0.781 to 100 μM.  The kinetic 
parameters were estimated as stated above (Experimental Chapter 1. 3) using WinNonlin Professional 
(version 1.4.1, Pharsight). 
6. Western Blot Analysis of CMBL and CES1 Expression 
The following tissue subcellular fractions (liver, intestine, kidney, and lung cytosol and 
microsomes) and diluted plasma were subjected to Western blot analysis.  Mouse, rat and dog samples; 2 
μg protein for each subcellular fraction and 10 μl of 100-fold diluted plasma, monkey and human samples; 
0.5 μg protein for each subcellular fraction and 5 μl of 200-fold diluted plasma.  As positive controls, 0.5 
μg of human CMBL-overexpressed mammalian Freestyle 293-F cell lysate, 10 ng of purified recombinant 
protein of human CES1 were also analyzed.  The sample proteins were separated by SDS-PAGE using 
12% sodium dodecyl sulfate-polyacrylamide gel (Mini-PROTEAN TGX precast gel 12%, Bio-Rad) and 
then transferred electrophoretically onto a polyvinylidene difluoride membrane (Immun-Blot PVDF 
membrane, 0.2 µm, Bio-Rad).  The CMBL and CES1 proteins in animals and humans were stained with 
affinity-purified rabbit polyclonal IgG against a human CMBL peptide (Immuno-Biological Laboratories) 
and affinity-purified rabbit polyclonal IgG against a human CES1 peptide (ab52941; Abcam, Cambridge, 
MA) as primary antibodies, respectively, and ECL anti-rabbit IgG HRP-linked, from donkey (Amersham 
Biosciences, 1:10000 dilution) as a secondary antibody.  These immunoblots were visualized by 
chemiluminescence with an ECL Advance Western Blotting Detection Kit (Amersham Biosciences).  The 
immuno-reactive signals were detected by a lumino-image analyzer (LAS-4000UV mini, Fujifilm) and the 
signal intensities were semi-quantified by Science Lab 2005 Multi Gauge software (ver. 3.0, Fujifilm). 
7. Protein Assay 
Protein concentration was determined by the Bradford method [84] using a Bradford protein assay 
kit (Bio-Rad) with bovine serum albumin as the reference standard. 
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Chapter 3 
1. Materials 
Chemicals.  The chemicals stated above (Experimental Chapter 1. 1) were used except as 
otherwise noted.  Phenylacetate and paraoxon were purchased from Sigma-Aldrich Japan.  Benzoyl 
choline was purchased from Nakalai Tesque (Kyoto, Japan). 
Biomaterials.  Pooled human plasma or serum was prepared from fresh blood samples collected 
from 3 healthy male subjects under a protocol approved by the Institutional Human Ethical Committee of 
Daiichi Sankyo.  Pooled animal plasma (ddY mice, Wister-Imamichi rats, Japanese white rabbits, 
cynomolgus monkeys, and beagle dogs) was prepared from fresh blood samples collected from 3 or more 
male animals in accordance with the guidelines of the Institutional Animal Care and Use Committee of 
Daiichi Sankyo. 
2. Hydrolase Activity Measurement 
OM-hydrolase activity.  The activity was determined as follows: Animal and human plasma for 
the species difference examination and each eluent fraction obtained by successive column 
chromatography for purification of our target hydrolase were appropriately diluted (final 50- to 400-fold 
and 10- to 100-fold dilution, respectively) with 10 mM potassium phosphate buffer.  The diluted protein 
solutions were incubated with OM as a substrate (final solvent concentration: 2% acetonitrile) at 37°C for 
5 to 10 min.  After reaction termination by adding ice-cold acetonitrile, the concentration of the active 
metabolite olmesartan was determined by an HPLC system (SLC-10A system, Shimadzu).  Olmesartan 
was separated from the OM peak with a reversed-phase C18 column (YMC-Pack ODS-A A-312, C-18, 5 
µm, 6.0 ID×150 mm, YMC) and a mobile phase of 40% acetonitrile containing 2% PIC-A (Waters) at a 
flow rate of 1.0 ml/min, and was detected with UV detection at 254 nm.  The LLOQ was set at 0.2 µM. 
In the other in vitro experiments, the OM-hydrolase activities of diluted human plasma (final 
500-fold dilution), recombinant PON1 proteins (final 0.01 mg protein/ml), and purified human serum 
albumin (final 5 mg protein/ml) were measured in 100 mM Tris-HCl buffer (pH 7.5) containing 1 mM 
CaCl2 at 37°C with OM as a substrate (final solvent concentration: 2.5% acetonitrile).  The concentration 
of the active metabolite olmesartan was determined by LC-MS/MS as stated above (Experimental Chapter 
1. 2).  The enzymatic activity was expressed as a metabolite formation rate (v; nmol/min/mg protein) 
based on the production of olmesartan for the reaction by each enzyme source, from which the buffer 
control was subtracted as non-enzymatic hydrolysis. 
Phenyl acetate hydrolase activity.  Over the protein purification process from human serum, 20 
to 40 µl of each fraction was incubated with 0.2 ml of 10 mM phenyl acetate solution in 50 mM Tris-HCl 
buffer (pH 8) at 37°C for 10 to 20 min.  After reaction termination by adding 1 ml of 0.04% 
4-aminoantipyrine in acetonitrile and then color development by adding 2 ml of 0.08% potassium 
ferricyanide with 50 mM Tris-HCl buffer (pH 8) in acetonitrile, the absorbance at 510 nm was measured.  
After column purification, the activity of the purified protein was measured as reported previously [70] 
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with slight modification.  Twenty µl of the purified esterase solution was incubated with 1.5 ml of 1 mM 
phenyl acetate solution in 50 mM Tris-HCl buffer (pH 8) containing 1 mM CaCl2 at room temperature.  
The metabolite phenol formation was determined by monitoring absorbance change at 270 nm.  The 
activity was expressed with a unit of ΔOD270/min/mg protein. 
Paraoxon hydrolase activity.  The activity was measured as reported previously [70] with slight 
modification.  Twenty µl of the appropriately diluted purified protein solution was incubated with 0.8 ml 
of 1 mM paraoxon solution in 50 mM Tris-HCl buffer (pH 8) containing 1 mM CaCl2 and 1 M NaCl at 
room temperature.  The metabolite p-nitrophenol formation was determined by monitoring absorbance 
change at 412 nm.  The activity was expressed with a unit of ΔOD412/min/mg protein. 
Benzoyl choline hydrolase activity.  One hundred and twenty µl of the appropriately diluted 
purified protein solution was incubated at 37°C for 10 min with benzoyl choline (final 1 mM). After 
reaction termination by adding ice-cold acetonitrile, the concentration of the metabolite benzoic acid was 
determined by an HPLC system (SLC-10A system, Shimadzu).  The metabolite was separated from the 
benzoyl choline peak with a reversed-phase C18 column (YMC-Pack ODS-A A-312, C-18, 5 µm, 6.0 
ID×150 mm, YMC) and a mobile phase of 55% acetonitrile containing phosphoric acid for pH adjustment 
(pH 3.0) at a flow rate of 1.0 ml/min. This was detected with UV detection at 225 nm.  The activity was 
expressed with a unit of nmol/min/mg protein. 
3. Purification of OM Hydrolase from Human Plasma 
Since there were findings of species difference in the plasma OM-hydrolase activity (Fig. 3-1) and 
chemical inhibition property (Fig. 1-5) that resembled the enzymatic characters of human PON1, all 
column purification steps were performed according to the plasma PON1 purification method previously 
reported [70] with slight modification.  The peak fraction was determined by phenylacetate hydrolase 
activity with absorbance at 510 nm, since OM-hydrolase activity and phenylacetate hydrolase activity were 
confirmed to behave quite similarly in the preliminary column chromatography.  Over the purification 
process, each fraction was analyzed by SDS-PAGE using 8% or 10% SDS-polyacrylamide gel (Bio-Rad).  
Human plasma was added to two volumes of column buffer A (50 mM Tris-HCl buffer (pH 8) containing 1 
mM CaCl2, 5 µM EDTA, and 5% glycerol) containing 3M NaCl.  The mixture was allowed to stand still 
for about 1 h.  After centrifugation, the supernatant was loaded onto a Blue Sepharose column (5×7 cm, 
GE Healthcare Japan, Tokyo, Japan).  This was equilibrated beforehand with column buffer A containing 
3M NaCl, first washed with column buffer A containing 3M NaCl followed by the same without NaCl, and 
then eluted with column buffer A containing 0.1% sodium deoxycholate.  The active fractions were 
dialyzed against column buffer A, concentrated, and loaded onto an ion exchange column (DEAE Sephacel 
column, 2.5×8 cm, GE Healthcare Japan) equilibrated beforehand with 25 mM Tris-HCl buffer (pH 8) 
containing 1 mM CaCl2, 5 µM EDTA, and 5% glycerol (referred to as column buffer B), washed with 
column buffer B containing 1% Emulgen 911 (Kao, Tokyo, Japan) and 5% dimethylacetamide followed by 
that containing 0.1% Emulgen, and then eluted with a linear gradient of 0 to 350 mM NaCl in column 
buffer B.  The active fractions were again loaded onto the DEAE Sephacel column which was washed 
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firstly with column buffer B containing 1% Emulgen and 5% dimethylacetamide, secondly with that 
containing 0.1% Emulgen, followed with that containing 100 mM NaCl, and then eluted with a linear 
gradient of 100 to 350 mM NaCl in column buffer B.  The resultant active fractions were dialyzed against 
the column buffer B containing 0.1% Emulgen, concentrated, and stored frozen at -80°C until use as the 
final purified esterase, afterward determined as human PON1.  A portion of the active fractions from each 
column purification step was loaded onto SDS-polyacrylamide gel (8% gel, Bio-Rad), and the gel was 
stained with Coomassie brilliant blue.  The protein concentration was determined using DC Protein Assay 
(Bio-Rad) with bovine serum albumin as a standard. 
4. N-Terminal Amino Acid Sequencing 
The N-terminal amino acid sequence of the target protein was determined from the purified 
protein electrophoretically transferred onto a PVDF membrane (Immun-Blot PVDF membrane, Bio-Rad) 
after SDS-PAGE.  Amino acids were sequenced by automated Edman degradation using a gas-phase 
protein sequencer, model PPSQ-10 (Shimadzu), according to the manufacturer's procedure. 
5. Western Blot Analysis 
Specific antiserum against the purified protein, which was later identified as human PON1, was 
raised in female Japanese white rabbits.  The animals received three boosts with equal volume of the 
purified protein as an antigen in complete Freund's adjuvant with a two-week interval.  The antiserum 
was bled from the animals and the IgG was purified from the antiserum by 50% saturated ammonium 
sulfate precipitation followed by DEAE-Sephacel column chromatography.  The IgG was further purified 
by an Econo-Pac Serum IgG Purification Column Kit (Bio-Rad) to remove components with the 
OM-hydrolase activity.  The plasma proteins in each purification step that were separated by SDS-PAGE 
and then blotted on a PVDF membrane were detected with the purified anti-PON1 IgG described above, 
followed by ECL Donkey anti-rabbit IgG HRP-linked (GE Healthcare) as primary and secondary 
antibodies, respectively.  These immunoblots were visualized by chemiluminescence with an ECL 
Detecting Reagent (GE Healthcare). 
6. Immunoprecipitation Analysis 
Inhibitory effects of the purified IgG against PON1 and albumin on the OM-hydrolase activity in 
human plasma were investigated to estimate the contribution of each protein.  Diluted human plasma at 
an appropriate dilution ratio was incubated overnight at 4°C with respective IgG fractions at various IgG 
fraction/plasma volume ratios.  After separating the antigen-antibody complex by centrifugation, the 
supernatant was used as an enzyme source for the OM-hydrolase activity measurement. 
7. Recombinant Human PON1 in Mammalian Cell Line 
The open reading frame of the full-length human PON1 (1-355aa) and that of Q192R mutant were 
subcloned into a vector plasmid pcDNA6-myc-his (Invitrogen) providing a C-terminal myc-polyhistidine- 
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epitope tag, confirmed by DNA sequencing, and expressed in mammalian FreeStyle 293-F Cells 
(Invitrogen).  The transfected cells were cultured for 7 days in FreeStyle
 
293 Expression Medium 
(Invitrogen) and the conditioned media from the cells overexpressing human PON1192QQ and PON1192RR, 
respectively, were filtered with a polyethersulfone membrane filter (0.45 µm, Thermo Fisher Scientific).  
After dialysis against 20 mM Tris-HCl buffer (pH 7.5), the overexpressed histidine-tagged proteins were 
purified with a two-step purification process: anion chromatography with HiTrap Q-XL followed by 
Ni-affinity chromatography with HisTrap FF (both by GE Healthcare).  The eluates were collected, 
desalted with PD-10 (GE Healthcare), and then the resultant proteins were stored frozen at -80°C until use.  
The protein concentration was determined using Micro BCA Pierce Protein Assay (Thermo Fisher 
Scientific) with bovine serum albumin as a standard. 
8. Kinetic Analysis 
The enzyme kinetics for OM hydrolysis by the recombinant PON1 proteins and purified human 
serum albumin were evaluated at substrate concentrations ranging from 3.125 to 400 µM.  For reactions 
by the purified serum albumin, 100 mM potassium phosphate buffer (KPB, pH 7.4) was used instead of 
100 mM Tris-HCl buffer (pH 7.5) containing 1 mM CaCl2.  Kinetic parameters were estimated using 
WinNonlin Professional (version 5.2.1) as stated above in Experimental Chapter 1. 3. 
9. Distribution of OM-Hydrolase Activity to Serum Lipoprotein Fractions 
The lipoprotein fractions, namely VLDL including chylomicron, LDL, and HDL, were separated 
from human serum by sequential ultracentrifugation in continuous density gradients [87] (CS150GXL with 
S120AT2 rotor, Hitachi Koki, Tokyo, Japan), desalted (PD-10 Desalting Column, GE Healthcare), and 
concentrated by centrifugation (Amicon Ultra, molecular weight cut off: 10K, Millipore).  The LPDS 
fraction after the lipoprotein separation, that is supposed to include serum albumin, was also desalted with 
PD-10 and used for the activity measurement.  The OM-hydrolase activity was measured at a substrate 
concentration of 10 µM as described above.  Incubations with the LPDS fraction in 100 mM KPB (pH 
7.4) were additionally carried out, since purified serum albumin showed higher OM-hydrolase activity in 
KPB than in Tris-HCl buffer containing CaCl2. 
10. Protein Assay 
Protein concentration was determined by the Bradford method [84] using a Bradford protein assay 
kit (Bio-Rad) with bovine serum albumin as the reference standard if not otherwise mentioned. 
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